Theoretical studies of engertics, structures and chemical reactions on carbon and BN surfaces and related molecules by YANG SHUOWANG
 Theoretical Studies of Energetics, Structures 
and Chemical Reactions on Carbon and BN 




















NATIONAL UNIVERSITY OF SINGAPORE 
 
2003 
 Theoretical Studies of Energetics, Structures 
and Chemical Reactions on Carbon and BN 







(B. Sc. & M. Sc. Zhejiang University) 







A DISSERTATION SUBMITTED 
FOR THE DEGREE OF DOCTOR OF PHILOSOPHY 
NATIONAL UNIVERSITY OF SINGAPORE 
 
2003  
Name:  YANG Shuowang 
Degree: M. Sc.  Zhejiang University, National University of Singapore 
Department:  Chemistry 
Thesis Title:  Theoretical Studies of Energetics, Structures and Chemical 
Reactions on Carbon and BN Surfaces and Related Molecules 
 
Abstract 
This thesis focuses on the energetics, structure and reactivity of wide band gap 
materials such as diamond and cubic boron nitride.  The surface atomic structures were 
studied using periodic density functional theory (DFT). The chemisorption of 
hydrogen, oxygen, C2 biradical and C2H2 on the bulk-truncated as well as 
reconstructed surface is investigated. Layered resolved density-of-states (DOS) as well 
as band structure calculations were performed to derive insights into the surface 
electronic structure. 
To understand the problems of aromaticity in ringed carbon and borazine 
systems, we consider the cyclacene structures, which can be the molecular analogs of 
carbon and boron nitride nanotubes Unrestricted Density Functional Theory (UDFT) 
calculations were also performed for the borazine and benzene cyclacenes system to 
obtain insights into the structural and electronic properties as a function of number of 
rings presented in cyclacenes. In addition, the fluoro-substituted cyclancenes were also 
investigated to examine the relationships between the frontier molecular orbitals gap, 
structure and ring size. 
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Periodic density functional theory (DFT) calculations using the CASTEP code 
were employed to investigate the structure and energetics of wide band gap 
semiconductor surfaces such as diamond and cubic boron nitride.  On the diamond 
(111) surface, we examined various chemisorption structures. The calculations 
(Castep code) show that the hydroxyl, bridging oxygen and on-top oxygen species are 
found to be stable on the C(111) surfaces. At the initial stage of oxygen adsorption, 
bridging O adopts an “epoxy-like” configuration on the 2×1 surface.  At higher 
coverage, the chemisorbed oxygen changes from an “epoxy-like” mode to a 
“carbonyl” mode and the 2×1 reconstruction is lifted.  Detailed bonding and surface 
state information was derived from the layered resolved density of state (DOS) 
calculations. 
The problem of the assembly of C2 biradical and acetylene on the C(111) 2x1 
surface was considered next. The unique geometry of the diamond (111)-2x1 Pandey 
chain provides the ideal molecular template for the self-assembly of C2. The most 
stable C2 binding site on the 2x1 surface is the straddled bridging site between 
adjacent Pandey chains. Van-Der-Waals Exitaxy of graphite can proceed on the 2x1 
template following the self-assembly of C2 biradical with consequent gain in surface 
energy. The self-assembly of C2H2 on the top Pandey chain results in the formation of 
polyethylene that follows the zig-zag course of the chain. The adsorption of C2H2 is 
able to passivate the surface state on the 2x1 and results in an opening of the surface 
band gap. 
The surface structure and energetics of the c-BN boron terminated (111) face 
were also examined. Particular attention was paid to the reactivity of this surface to 
oxygen-containing molecules. We examined the detailed geometry of both the 1x1 
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and 2x1 structure. Coordinatively unsaturated B-face terminated 1x1 structure can 
form stable adducts with many lewis bases. It was found that the 2x1 structure with 
the BN pandey chain is more stable than the bulk 1x1 structure. Molecular oxygen can 
chemisorb on the BN Pandey chain.  Steric repulsions between the chemisorbed 
oxygen molecules restrict the maximum surface coverage of oxygen to 50%. The 
reconstructed BN (111) 2x1 surface is not stable in the presence of atomic oxygen and 
will convert to a boron oxide terminated 1x1 surface.  
Finally, we turned our attention to carbon and borazine cyclacenes as these can 
be considered as the molecular analogues of carbon and boron nitride nanotubes. DFT 
calculations (Gaussian98 code) were performed for both the borazine and benzene 
cyclacenes to obtain insights into the structural and electronic properties as a function 
of number of rings presented in cyclacenes. In particular, we were interested in 
comparing the aromaticity of the two systems. The energy gap (HOMO-LUMO), ∆gap, 
of the benzene cyclacene system decreases with ring size and exhibits oscillation as 
electrons alternate between 4k and 4k+2 in the peripheral circuit. Two 
transannulene/annulenic circuits in the ring reveal interesting cryptoannulenic effect. 
Fluorine (F) substitution increases the binding energy of the system in most cases. The 
energy levels of HOMO and LUMO are found to relate to their symmetries. In 
contrast, the properties of the borazine cyclacenes show little dependence on the 
number of benzenoid rings in the peripheral circuits. The structural properties are 
different between the N-apexed and B-apexed borazine cyclacene with a more 
efficient delocalisation of electrons in the B-apexed ring.  Fluorination of borazine 
cyclacene results in an increase of bonding energy (BE) and ∆gap when F substitutes  
for the B atoms, and a decrease BE and ∆gap when F substitutes for the  N atoms. 
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Wide band gap semiconductors (WBGs) have unique properties which allow 
their applications in high power, high temperature transistors and UV photodetectors. 
Probably the best known examples of WBGs today are diamond, AlN (6.2 eV), GaN 
(3.4 eV), and 6H-SiC (2.9 eV) [1]. Diamond in particular has attracted widespread 
commercial interests due to the ease of fabrication on silicon, using methods 
compatible with microelectronic processing on silicon wafer. Due to its large band 
gap, maximum operating temperatures of diamond devices up to 1100 0C have been 
documented. The promise of diamond as next generation 157 nm deep-UV 
photolithography tool has been demonstrated by Whitefield et. al. [2].  Next generation 
photholithography stepper tools will operate at 157 nm and require robust solid state 
photodetectors to ensure efficient operation and facilitate direct beam monitoring for 
photoresist exposure dosimetry. In addition, diamond is a chemically inert substrate. 
Boron-doped diamond can be used as a very good electrode material. Diamond has a 
very wide electrochemical potential window and its use as a generic platform for 
biocatalyst has started to attract serious attention from bio-analytical chemists keen on 
developing bio-compatible, chemically robust bio-sensor.  
The applications of cubic boron nitride (c-BN), the cubic analog of diamond, 
also offer exciting possibilities in these areas [3]. However whilst the growth of large 
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area, high quality polycrystalline has entered into the first stage of commercialisation, 
the production of high quality c-BN film remains a challenging task. The hexagonal 
form of boron nitride, i.e. pyrolytic boron nitride is an important industrial material 
commonly used in high-temperature heaters and lubricants. The cubic form has been 
used in coating drill bits due to its hardness and oxidation resistance, but little 
information is available regarding the surface chemistry. 
Currently, there is widespread interest in the growth and characterization of 
nitride-based wide band gap semiconductors.  III-V compounds such as gallium nitride 
(GaN) and aluminium nitride (AlN) are being actively explored for their applications 
in blue and UV Light-emitting diodes and high frequency devices. Most of the studies 
on WBGs to date have focused on the technological aspects of growing high quality 
crystalline film. The growth of single-crystal, electronic grade diamond wafer by 
chemical vapour deposition is still elusive due to the lack of a suitable lattice-matched 
substrate. c-BN can be lattice-matched to diamond, but the growth of c-BN is even 
more difficult than that of diamond. Due to the unavailability of these substrates, 
surface science investigations of diamond and c-BN are very limited.  Processes on 
surfaces play an important role in the CVD synthesis. In the case of diamond, complex 
dynamic interactive processes between atomic hydrogen, oxygen and carbon radicals 
occur on the surface. Currently, these processes are not well understood because the 
relatively high pressure during the synthesis of diamond precludes the deployment of 
in-situ diagnostic probes to follow the growth process.  
The extraordinary properties of diamond are not restricted to its mechanical, 
optical and electronic bulk properties. The surfaces of diamond exhibit very unusual 
properties which may lead to a number of applications in cold cathodes, pH-sensors 
and lateral transistors. It was discovered that hydrogenated diamond exhibits a special 
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kind of conductivity due to a highly conductive surface layer [4]. Hall effect 
measurements associate a p-type conductivity with the conductive layer and a lateral 
hole concentration between 1012 cm-2 and 1013 cm-2. The hole mobility was found to lie 
between 30 and 70 cm2/(Vs). The conductivity of the surface layer can be controlled 
by a gate and forms the basis for a new field effect transistor. Surface chemistry plays 
a very important role here: the passivation of the surface by hydrogen or adsorbates 
enhances the p-type surface conductivity but oxidation of the diamond results in the 
reverse [3-4].  
Another alternative form of carbon which has attracted tremendous interest in 
the last ten years is carbon nanotube (CNT), which may have applications as molecular 
wires and transistors.  IBM recently announced the fabrication of a transistor based on 
CNT as the gate electrode [6]. The importance of both diamond and carbon nanotube, 
two of the hottest fields of research today, is testified by the well-attended Annual 
European Diamond and Related Materials Conference [7]. It is interesting to consider 
theoretically whether the properties of carbon nanotube can be studied by considering 
its molecular analog: carbon cyclacene. The properties of carbon cyclacenes (the unit 
part of the carbon nanotubes) are of tremendous interest to many scientists as a 
stepping stone to understanding the nanotube structures. Another form of nanotube 
based on boron nitride (BN) is also possible. The advantage of the BN nanotube is that 
it has semiconducting properties regardless its chirality.  While there have been many 
studies on carbon cyclancenes [8-12], work on borazine cyclacene is limited to that of 
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1.2 Diamond Surface Investigation 
 
1.2.1 Structure, Properties and Prospects of Diamond 
The diamond crystal has a cubic close-packed structure. The carbon atoms are 
bonded to each other via the tetrahedral C-C sp3 hybrid bonds. The crystal unit cell of 
diamond is shown in Fig-1.1. There are eight C atoms per unit cell: four from the first 
set of fcc lattice and the other four from the second set of fcc lattice which are shifted 
by 3 a/4 in the [111] direction. The high sp3 covalent bond strength and small size of 
C atoms in diamond structure lead to the superior properties including extraordinary 
hardness and high melting point. The extreme properties and applications of diamond 












Fig-1.1 Crystal unit cell of the diamond structure. Dark balls denote the first fcc lattice, 
shallow balls constitute the second fcc lattice which is shifted by 3 a/4 in the 
[111] direction. * This structure can also represent the c-BN unit cell where 
dark balls denote B atoms and shallow balls denote N atoms. 
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         Table-1.1: Extreme properties and applications of diamond [14]. 
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Diamond has a number of outstanding properties.  In addition to being the 
hardest known material, it has a higher thermal conductivity than copper at room 
temperature. It is an excellent insulator but it can be doped to become a semiconductor 
It is transparent at optical frequencies. The advanced mechanical, biological and 
electronic properties of diamond make it an excellent material for applications in 
thermal management [15], cutting tools, wear resistant coatings [16], optics and 
electronic devices. In particular, diamond is finding uses as optical components such as 
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protective coatings for infrared (IR) optics in harsh environments. A thin protective 
barrier of CVD diamond solves the brittleness of the currently used ZnS, ZnSe and Ge 
IR windows.  In addition, the possibility of doping diamond and so changing it from an 
insulator into a semiconductor opens up a whole range of potential electronic 
applications. P-type doping is achieved by the addition of a few percent (~1-3%) of 
B2H6 to the CVD process gas mixture. Due to its negative electron affinity (NEA), 
diamond is a good electron emitter [17]. A diamond cold cathode emission displays 
have high brightness, wide viewing angle, and most importantly, the ability to be 
scaled up to large sizes.  
 
1.2.2 Hydrogen and Oxygen in CVD Diamond Growth 
Hydrogen and oxygen are the two most important elements in CVD diamond 
technology. In diamond CVD growth, atomic hydrogen creates active growth sites on 
the surface, creates reactive species in the gas phase and selectively etches non-
diamond components [18]. The addition of oxygen into CVD system changes the gas 
phase and surface chemistry, which will enhance the removal of non-diamond phases 
[19]. 
Hydrogen-termination of the diamond surface makes the surface hydrophobic. 
It activates the condition of negative electron affinity (NEA). NEA is characterised by 
the high yield of secondary electrons from the surface, a useful property in the 
fabrication of diamond-based photocathode [20]. The hydrogen-capped diamond 
surface has a lower Schottky barrier height compared to the air-exposed surface [21]. 
The hydrogen-terminated surface exhibits p-type surface conductivity; the surface hole 
density is as high as 1013 cm-2 [22,23]. On the other hand, replacing hydrogen with 
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oxygen changes the NEA diamond surface to positive electron affinity (PEA) and the 
surface becomes highly insulating. 
Controlled uptake of oxygen on the diamond surface and the procedures for the 
effective exchange of surface chemisorbed oxygen with hydrogen has not been clearly 
established. Molecular oxygen shows no appreciable sticking probability on diamond 
in a vacuum, but moisture may cause slow oxidation of the surface under ambient 
conditions.  The difficulty in preparing a well-characterized oxygenated surface stems 
from the very facile etching and roughening of the diamond surface at high 
temperature. So far, relatively few [24-27] have studied the hydrogenated and 
oxygenated diamond surface due to the difficulty in obtaining a single diamond crystal 
growth and the insulating behaviour of natural diamond. The chemistry of hydrogen 
and oxygen on the diamond surface is not as well understood as that of silicon and 
theoretical works are required. 
 
1.2.3 The diamond (111) Surface 
The (111) orientation of diamond is more complex than that of the (100) 
orientation. A diamond crystal in the (111) orientation can be viewed as an 
arrangement of tetrahedra with one bond oriented vertically (along the [111] direction) 
and the other three bonds defining the basal plane. Hence, the crystal consists of a 
stacking of closely spaced bilayers which are separated from each other by the C-C 
interatomic distance of d = 1.53 Å, whilst the distance between the two atomic planes 
forming the bilayers is 0.51 Å (Fig-1.2). Normal to the [111] direction, a diamond 
crystal may be cleaved in two different ways by cutting either one or three bonds per 
surface carbon atom. It is generally agreed that in the absence of hydrogen, the one-
dangling-bond (1db) surface is the natural cleavage plane. However, recently it has 
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been argued that under extreme hydrogen exposure the triple-dangling-bond (3db) 










Fig-1.2: Diamond (111) surface 1×1 with single dangling bonds. 
 
The as-cleaved and freshly polished 1db-C(111) surface shows a (1×1) LEED 
pattern and no surface states [29-33], which is in disagreement with theoretical 
predictions for the unreconstructed surface [34,35]. On annealing, the 1×1 surface 
remains stable up to a temperature of 1100 K above which it transforms into a 
(2x2)/(2×1) reconstructed surface [36]. Photoemission studies of the reconstructed 
surface show intense electronic surface states covering a range of about 2 eV with 
maximum intensity at 1 eV below the valence-band maximum at normal emission (i.e. 
at the centre of the surface Brillouin zone) [30-33]. These features are usually assigned 
to a hydrogen-free C(111) surface.  
Quite a lot of theoretical research has been carried out on the diamond (111) 
surface. For the clean reconstructed surface, a satisfactory interpretation of the 
observed electronic structure can be given on the basis of ab initio local-density 
calculations [37-39] favouring Pandey chain model [40]. However, there is still some 
controversy whether the Pandey chains are dimerized as predicted by earlier semi-
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empirical calculations [40-43] and ab initio molecular-dynamics study of Iarlori et al. 
[38], or are undimerized as found in the ab initio studies of Vanderbilt and Louie [35] 
as well as Schmidt and Bechstedt [37]. The influence of hydrogenation on the C(111) 
surface has been treated in semiempirical [44,45] and ab initio LDF calculations 
[46,47]. All calculations agree that for the hydrogenated surface, the 1×1 structure is 
lower in energy compared to the 2×1 surface. 
 
1.2.4 The Challenge 
As discussed above, the surface configurations of diamond (111) are very 
complex. Hydrogen and oxygen molecules or atoms play a very important role in 
reconstruction, which results in various surface properties. For example, the addition 
of oxygen into dilute hydrocarbon-in-hydrogen plasmas can lower the growth 
temperatures and enhance the quality of diamond films [48]. The understanding of the 
adsorption/desorption of hydrogen and oxygen molecules or atoms from the diamond 
surfaces is important not only for understanding the transitions between the different 
C(111) surfaces in different stages of hydrogenation, but also for getting an insight into 
the processes of CVD diamond growth and the etching. Consequently, theoretical 
work based on the more reasonable periodic models is needed for a full understanding 
of the hydrogen and oxygen adsorption/desorption.  
On the other hand, the growth mechanism of the diamond (111) surface is not 
very clear compared to the (100) surface where quite a number of cluster models, 
mainly fragments of CH4 such as CH, CH2 or CH3 radicals, have been employed  to 
simulate the growth [49,50]. These radicals are normally present in the process of 
thermal VCD.  In growth systems which employed a carbon-rich gas feed, dimer 
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radicals, such as C2 or C2H2, determine the surface morphology and growth speed.  
Very little theoretical work has been carried out based on the cluster models [51,52].  
To the best of our knowledge, no proposal for the propagation of the C(111) face based 
on direct C2 addition has been made despite the fact that the slow-growing (111) face 
has been observed to manifest as the dominant crystal habit during a large part of the 
diamond growth window prior to the degradation of the crystal habits into nanograins 
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1.3 c-BN Surface Study 
 
1.3.1 Structure and Properties of c-BN 
In the crystal structure of cubic boron nitride (c-BN), each B and N atom is sp3 
hybridised just like that of carbon in diamond. It is also an isoelectronic analogue of 
diamond, which makes c-BN a diamond-like material. Similar to diamond, c-BN has 
interesting thermal, electrical and optical properties as well as a very large band gap 
[53,54].  
There are at least 3 types of BN crystals: h-BN, t-BN and c-BN. h-BN and c-
BN are the most common structures. The structure of h-BN is analogous to graphite. 
The unit cell is bimolecular and consists of layers of flat B3N3 hexagons with an inter-
planar spacing of ½ c (Fig-1.3) [55-58]. The structure of c-BN is analogous to that of 
diamond shown in Fig-1.1. There are four B and four N atoms in one unit cell with the 
four B atoms set from the first set of fcc lattice (dark balls) and four N atoms from the 
second set of fcc lattice which are shifted by 3 a/4 in the [111] direction (grey balls) 
or vice versa.  The cell constant for c-BN is 3.615 Å. c-BN thin films have attracted 
much attention because of their outstanding diamond-like properties [59-62], which 
includes great hardness and elastic modules, high atomic density, and chemical 
inertness [63,64]. In fact, c-BN is the second hardest material next to diamond. c-BN 
films have several advantages over diamond films and holds great technological 
potential  for use in hard coating [59]. In areas where the use of diamond is limited, 
diamond-like materials such as c-BN may be useful. For example while it is difficult to 
produce n-type diamond semiconductors, both n- and p-type BN semiconductors can 
be fabricated.  
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The quality of lab-fabricated c-BN films can be improved by learning more 
about its surface chemical reactions and growth mechanism. Due to the non-
availability of high quality, semiconducting cubic boron nitride, very little surface 
science study has been carried out on the material, resulting in a distinct lack of 






















 Coordinate:   
B atoms (0,0,0) (1/3a, 2/3b,1/6c)
N atoms (1/3a, 2/3b,0) (0,0,1/2c)ture of h-BN. The black balls denote boron atom and white balls 
r nitrogen atoms.  
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1.3.2 Hydrogen and Oxygen in CVD c-BN Growth 
c-BN thin films exhibit potential in a wide range of applications that include 
wide band-gap semiconductors [66,67], heat sinks, cutting tools, and field-emission 
devices [68]. However in practice, the growth of high-quality c-BN films is more 
difficult to achieve than diamond films. Vapour phase deposition usually produces 
nanocrystalline materials with a mix of hexagonal BN (sp2) and c-BN (sp3) [69,70]. In 
particular, it remains unclear how the growth of the sp3 phase can be promoted 
selectively by the use of sp2 etchants in analogy to the role played by atomic hydrogen 
in favouring diamond growth against the formation of graphite films [71]. In addition, 
the role that hydrogen and oxygen atoms play in PECVD growth and the adsorption 
mode on the BN surface is not understood. The surface electronic structures and 
surface reactions with H and O atoms are fundamental to the surface reconstruction, 
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1.3.3 c-BN B-terminated (111) Surface 
When c-BN crystal is cut along the (111) orientation, there are two possible 

















Fig-1.4: B-terminated (111)-1×1 surface (a) top view and (b) side view. When the B-
atoms are replaced with N-atoms and vice versa, the surface will become N-
terminated. The same convention used in Fig-1.4 will applied in the following 
discussions unless otherwise indicated. 
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Under certain conditions, the 1×1 surface will reconfigure or reconstruct to 
form a 2×1 surface as shown in Fig-1.5, where the top two layers constrict to the 
crystal bulk and form a top bilayer. The third and fourth layers also reconstruct to form 
a bilayer. Between the first and second bilayer, a five-membered ring and a seven-
membered ring are formed, creating a surface very similar to the diamond (111)-2×1 
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1.3.4 The Challenge 
Theoretical study reveals that the c-BN (111)-2×1 surface is energetically 
favourable but there is insufficient experiment evidence so far to support this. 
Furthermore, there are currently no reports on the absorption reaction on the BN 2×1 
surface even though it is essential to develop a good understanding of the surface 
growth mechanism. To the best of our knowledge, the theoretical research for polar 
surface (111) of c-BN is limited to the work of Kadas et. al.[73]  They performed ab 
initio LDF investigations on c-BN (111) and (-1-1-1) surfaces and analysed the 
geometrical details of the 1×1, the 2×1, and the several 2x2 reconstructed surfaces. 
Specifically, the geometry and energy of two triangular three-N models on the 2x2 
surface were investigated in detail.  Up to now, we have not found any theoretical 
study which systematically analyses the adsorption reaction of molecular species on c-
BN surface, especially for the (111) surface.  This is the basis of my current research 
on the atomistic study of the adsorption reactions occurring on c-BN (111) surfaces.  
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1.4 Carbon and BN Cyclacenes 
 
1.4.1 Structure of Cyclacenes 
Cyclacenes are a class of laterally fused benzoid hydrocarbons. They can be 
thought of as a 1-dimensional sheet of graphite (a hexagonal lattice of carbon) rolled 
into a cylinder. In another words, a cyclacene structure can be considered as consisting 
of two types of embedded structures -- an arenoid belt which is composed of 
benzenoid rings in the case of a simple cyclacene and the annulenic peripheral rings. 
When the hexangonal rings are made of alternating B and N atoms rather than benzene 









Fig-1.6: (a) 3-D drawing of 6-ring borazine cyclacene, side view (left) and top view 
(right). Borazine cyclacenes are the molecular analog of BN nanotube. Red: B 
atoms, blue: N atoms and grey: H atoms.  
(b) When all atoms are made up of carbon, it becomes a benzene cyclacene, 
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1.4.2 Properties of Cyclacenes 
Since the discovery of carbon nanotubes [74] and carbon onions [75], the 
family of graphitic nanoparticles with tubular or spherical shape has expanded rapidly. 
Nanotubes, like cyclacenes, consist of a few concentric cylindrical or spherical carbon 
layers. Their pure BN analogues have now been successfully synthesized [76-81]. The 
electronic properties of these nanoparticles open up new possibilities for making 
nanoscale electronic devices particularly from the tubular form [82]. On the basis of 
theoretical predictions that the electronic properties of carbon nanotubes will range 
from metallic to small band gap semiconductors depending on the tube diameter and 
chirality [83], the idea of making electronic switches by connecting pure carbon 
nanotubes was proposed [84-86].  
Cyclacenes offer a simple conceptual framework for understanding the 
structure and properties of nanotube or fullerene systems because of their remarkable 
similarity to these structures. Two annulenic peripheral rings become either 4k or 4k+2 
electron count depending on the number of arenoid rings present. Theoretical studies 
on cyclacenes have shown that some properties depend strongly on the number of 
peripheral circuits or the number of benzenoid rings in the arenoid belt. This effect is 
well known as the "cryptoannulenic effect" [87-94].  
 
1.4.3 The Challenge 
Borazine is the inorganic analog of benzene and is obtained by replacing each 
carbon atom with alternating boron and nitrogen atoms. When a sheet of borazine is 
folded in the same way as benzene in cyclacene, borazine cyclacene [(BN)n], where n 
represent the number of borazine rings will be formed. It is reasonable to consider 
(BN)n as the possible precursors to BN nanotubes or BN fullerenes as each (BN)n unit 
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is the simplest repeating unit for the BN nanotubes. BN cyclacene may exhibit 
interesting host-guest chemistry when metal atoms are trapped in their cylindrical 
cavities. The electronic properties BN cyclacenes are important for potential 
technological applications.  
In general, BN compounds tend to have larger energy gaps than their carbon 
analogues due to the polarity of the chemical bonds. This effect, which is observed 
when the band gaps of group-IV semiconductors are compared to those of III-V and II-
VI semiconductors, also occurs for first row elements, e.g. c-BN has a larger band gap 
than diamond, and graphitic BN is a wide gap insulator whereas graphite is a semi-
metal. We therefore expect to observe a similar behaviour in (BN)n. 
However, there has been very little research on the borazine cyclacene system 
so far. Work on borazine cyclacene is restricted to that of Erkoc [86], in which the 
semi-empirical method, AM1-RHF, is used and the trend towards the formation of 
larger BN cyclacene ring is predicted to be exothermic. The major disadvantage of 
semi-empirical methods or Hartree-Fock (HF) theory is its neglect of instantaneous 
electron correlation, and is therefore not accurate enough to describe electronic 
properties of the systems considered. Hence, more accurate theoretical methods like 
the linear combination of hybrid gradient-corrected density functional theory (DFT) 
method with Becke’s exchange function [88] and the Lee−Yang−Parr correction 
function (B3LYP) [89] are demanded.  
In addition, the fluoro-substituted derivatives both for benzene and borazine 
cyclacene have not been reported. Fluorine is a highly electronegative atom frequently 
employed in plasma etching, synthesis of nanotubes and in the synthesis of some 
carbon clusters. The inclusion of fluorine will change the electron density in the 
original cyclacenes and potentially activate some nucleophilic reactions because their 
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capability of accepting metal atoms or ions is enhanced. We believe this research is 
very important for the advancements of host-guest chemistry using carbon and 
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1.5 Motivations and Structure of this Thesis 
 
Diamond and c-BN are two of the most common wide band gap materials.  
Oxygen and hydrogen molecules or atoms play an important role in the CVD or 
PECVD processes of these materials. Adsorption and desorption processes of H and O 
species are of utmost importance in the investigation of surface migration, reactions, 
nucleation, and growth mechanism on the respective surfaces. However, currently 
available experimental and theoretical work on diamond and c-BN (111) surfaces are 
very limited.  The detailed atomic structure of surface reconstructions and related 
surface reactions are still unclear. Hence, a systematic first-principles calculation study 
of diamond and c-BN (111) surfaces was initiated as part of my Ph.D.  thesis work. 
 
Each chapter in this thesis addresses a different topic and the presentation is as 
follows:  
Chapter II presents the details of theoretical methodolgy, including principles 
of density function theory and ultrasoft potentials, and the underlying assumptions in 
these methods. Models used in current thesis are described in detail and their 
accuracies are tested in term of energy tolerance.  
Chapter III explores the adsorption/desorption of hydrogen and oxygen on the 
diamond (111)-1×1 and 2×1 surfaces by using periodic density functional theory (p-
DFT) method in the general gradient approximation. The geometry, energy and DOS 
of each structure are discussed in detail. The reaction paths are proposed based on the 
heats of reaction.  
Chapter IV focuses on the diamond growth mechanism where the adsorption of 
C2 and C2H2 radicals on diamond (111)-2×1 surface are studied by the same method 
employed in pervious chapter (GGA-PW91).   
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Chapter V presents the adsorption of hydrogen and oxygen on the B-terminated 
c-BN (111)-1×1 and 2×1 surfaces using the same p-DFT method. The different oxygen 
chemisorption states are investigated in terms of geometry, absorption energy and 
DOS.  
Chapter VI presents ab intio studies of borazine and benzene cyclacenes where 
carbon and BN cyclacene systems are used as a conceptual framework to understand 
the properties of nanotubes. Both HF/3-21 and UB3LYP/6-31(d) methods are used in 
the calculations. In addition, the two-fold cyclacene structure and their F-substituted 
derivatives are examined. Vibrational modes of these cyclacenes and their fluorinated 
analogues are also calculated and compared with experimental Raman measurements 
on hexagonal BN materials. 
Chapter VII is the concluding chapter for this thesis.  It summarises all the 
work presented in this thesis and suggests possibilities for further work.  
 
The computation work presented in this thesis was performed in the Institute of 
High Performance Computing (Singapore) while all strategies, planning and analyses 
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2.1.1 General Introduction of Quantum Theory  
Many aspects of molecular structure and dynamics can be modelled using 
classical methods in the form of molecular mechanics and dynamics. The classical 
force field is based on empirical results, averaged over a large number of molecules. 
Because of this extensive averaging, the results can be good for standard systems, but 
there are many important questions in chemistry that can not at all be addressed by 
means of this empirical approach. If one wants to know more than just structure or 
other properties that are derived only from the potential energy surface, in particular 
properties that depend directly on the electron density distribution, one has to resort to 
a more fundamental and general approach: quantum chemistry/physics. 
 
In quantum chemistry, the system is described by a wavefunction which can be 
found by solving the Schrödinger equation [1,2]:   
                          Ĥ Ψ = E Ψ                                                            (Eq-2.1) 
In this equation Ĥ is the Hamiltonian operator which in this case gives the kinetic and 
potential energies of a system of atomic nuclei and electrons. With the exception of 
electron exchange term, it is analogous to the classical kinetic energy of the particles 
and the Coulomb electrostatic interactions between the nuclei and electrons. Ψ is a 
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wavefunction, one of the solutions of the eigenvalue equation. This wavefunction 
depends on the coordinates of the electrons and the nuclei. The Hamiltonian is 
composed of three parts: the kinetic energy of the nuclei, the kinetic energy of the 
electrons, and the potential energy of nuclei and electrons [3].  
Schrödinger equation:     Ĥ Ψe, n = E Ψ e, n                                  (Eq-2.2) 
          Hamiltonian:                                                                                (Eq-2.3) nVTTH ,++= een ˆˆˆˆ
 
Four approximations are commonly (but not necessarily) made:  
(1) Time independence; we are looking at states that are stationary in time. 
(2) Neglect of relativistic effects; this is warranted unless the velocity of the electrons 
approaches the speed of light, which is the case only in heavy atoms with very high 
nuclear charge.  
(3) Born-Oppenheimer approximation; separation of the motion of nuclei and 
electrons. 
(4) Orbital approximation; the total wavefunction of a quantum system is 
approximated by the Slater determinant(s) of one-electron orbitals.   
The Born-Oppenheimer approximation implies the separation of nuclear and electronic 
wavefunctions, the total wavefunction being a product of the two:  
Born-Oppenheimer:    Ĥ Ψe, n = χnΨ e                                   (Eq-2.4) 
The motivation behind this is that the electrons are so much lighter than the nuclei that 
their motion can easily follow the nuclear motion. In practice, this approximation is 
usually valid. From this point we will look at the electronic wavefunction which is 
obtained by solving the electronic Schrödinger equation: 
Ĥe (Rn)Ψ(re) = Ee (Rn)Ψ (re)                                              (Eq-2.5) 
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This equation still contains the positions of the nuclei, however not as variables but as 
parameters. The electronic Hamiltonian contains three terms: kinetic energy, 
electrostatic interaction between electrons and nuclei, and electrostatic repulsion 






















The symbol ∆ is the Laplace operator                                    (also called "del-
squared"). The total energy in the Born-Oppenheimer model is obtained by adding the 



















            
The total energy defines a potential energy hypersurface E=f(Q) which can be used to 
subsequently solve a Schrödinger equation for the nuclear motion :  
 [ ] )()()(ˆ ninn RRRET Φ=Φ+ ε    (Eq-2.9)     
               
Here Ф(Rn) is the wavefunction of  the system. So one can see that Schrödinger 
equation relates the stationary states of the system and their energies to the 
Hamiltonian operator, which can be viewed as the recipe for obtaining the energy 
associated with a wavefunction describing the positions of the nuclei and electrons in 
the system. In practice the Schrodinger equation cannot be solved exactly and 
approximations have to be made, as we have seen above. The approach is called "ab 
initio" when it makes no use of empirical information, except for the fundamental 
constants of nature such as the mass of the electron, Planck's constant etc.[3], that are 
required to arrive at numerical predictions. In spite of the necessary approximations, 
 - 30 -
Chapter II                                                                                                                                 Experiments 
 
ab initio theory has the conceptual advantage of generality, and the practical advantage 
that (with experience) its successes and failures are more or less predictable.  
 
2.1.2 Hartree-Fock Self-Consistent Field Theory 
The major disadvantage of ab initio quantum chemistry is the heavy demands 
on computer power. So many techniques have been developed over the years to speed 
up convergence, and to solve even difficult cases. Hartree-Fock self-consistent is one 
of the most popular methods [4,5]. 
The Hartree-Fock picture starts from the consideration of each electron and its 
interactions with all other electrons and nuclei [1,5]. The "exact" quantum mechanical 
Hamiltonian operator is used to describe explicitly the motion of each electron and its 
Coulomb interactions with all other charged particles in the system under 
consideration. While the "exact" many-electron Hamiltonian operator can be written 
down, the corresponding exact many-electron wave function is not known. Hartree-
Fock theory builds on the simplest possible approximation to such a many-body wave 
function, namely a product of one-electron wave functions, where each one-electron 
wave function corresponds to an individual electron (Hartree approach). In Hartree-
Fock theory, one additional aspect is included in the many-body wave function, 
namely the Pauli principle (electrons with the same spin cannot occupy the same 
orbital). To this end, the product of one-electron wave functions is generalized to a 
sum of such products with alternating sign (conveniently written in the form of a 
determinant). This accounts for the Pauli exclusion principle: electrons with the same 
spin avoid each other. The principle and algorithm details of Hartree-Fock self-
consistent method are described in many textbooks or software manuals and we do not 
report them here [7-9]. 
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Hartree-Fock theory is well established in its ability to predict energetic, structural, 
vibrational, and electronic properties of many different molecules [10]. However 
besides static correlation, one major disadvantage of using Hartree-Fock theory is its 
neglect of instantaneous electron correlation [11].   
 
2.1.3 Molecular Orbitals and Basis Set 
In almost all practical calculations the orbitals are Molecular Orbitals (MO), 
written as linear combinations (LC) of basis orbitals which resemble the orbitals of 
atoms (Atomic Orbitals). So we call LCAO-MO methods. 










   (Eq-2.10) 
 
Where ϕµ is the basis function. The expansion of the wavefunction in terms of basis 
functions leads to a limitation of the accuracy of the ab initio Hartree-Fock approach 
only because there is a limited number of basis functions available.  The greater the 
number of basis functions (provided they are well chosen) the better the wavefunction, 
the lower the energy. The limit of an infinite basis set is known as the Hartree-Fock 
limit. 
Several standard basis sets are nowadays commonly used and the most popular 
are the basis sets designed by J. A. Pople and his coworkers [12]. These basis sets are 
not necessarily the best, but they have the advantage that they are in widespread use so 
that there is much experience with their performance in practical calculations.  
The so-called minimal basis sets have one basis orbital per two inner shell 
electrons and one basis orbital for each valence atomic orbital. Thus, for first-row 
elements there are basis functions resembling 1s, 2s, 2px, 2py, 2pz atomic orbitals. The 
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Slater-type orbitals (STO's) are replaced by n Gaussian-type orbital (GTO's). The 
common minimal basis set is the STO-3G basis.  
In order to increase the flexibility of the SCF wavefunction one can increase 
the number of basis functions per atom. In Double Zeta basis sets there are two 
functions for each AO of the minimal basis, one which is closer to the nucleus, the 
other allowing for electron density to move away from the nucleus. For first row 
elements this gives 1s, 1s', 2s, 2s', 2px, 2px', 2py, 2py', 2pz, 2pz' basis functions.  
When this doubling of the minimal basis is done only for the valence orbitals one gets 
the Split Valence Basis Sets. This results for first row atoms in 1s, 2s, 2s', 2px, 2px', 
2py, 2py', 2pz, 2pz’ basis orbitals.  
Here, we just introduce two well-known examples of split-valence basis 
functions which are 3-21G and 6-31G as they will be using in this thesis.  In the 3-21G 
basis, the 1s AO of a first-row element is represented by a fixed combination of 3 
GTO's, the 2s (2px etc.) are approximated by a fixed combination of 2 GTO's and the 
extra valence orbitals 2s'(2px' etc.) are just one GTO. The 3-21G basis set offers a 
reasonable compromise between computational burden and quality of results, and is at 
the moment the most often used starting basis set for ab initio work. While 6-31G [1s: 
six GTO's; 2s (2px etc.): three GTO's; 2s'(2px' etc.): one GTO) gives a much lower 
energy but at the expense of having more integrals over GTO's to be calculated, while 
for chemical phenomena (energy differences) the advantage is only small.  
Thus, after 3-21G the usual next step is to go to basis sets which have 
polarization functions, e.g. d-orbitals for first row elements which allow for a lower 
symmetry of the electron distribution in a molecule compared to an atom. In this case 
the exponents cannot be optimized by calculations on atoms because the polarization 
functions are not occupied. The 6-31G* (6-31G + d-functions for first row atoms; also 
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written 6-31G(d)) or 6-31G** (6-31G + d for first row, + p for H; 6-31G(d,p)) basis 
sets are at present considered to give good quality geometries for most molecules, at 
least when the Hartree-Fock method is applicable. 
In practice it has been shown that good geometries can often be obtained with 
simple basis sets such as 3-21G, but that relative energies are better described using 
more extended basis sets.  A commonly used notation has emerged for this procedure, 
e.g.: 6-31G**//3-21G means a calculation with the 6-31G** basis, at a geometry 
optimized with the 3-21G basis set. 
 
2.1.4 Density Functional Theory 
 Density functional methods emerged in the early days of quantum mechanics; 
however, the foundations of the modern density functional theory (DFT) were 
established in the mid 1960s with the classical papers by Hohenberg and Kohn [13], 
and Kohn and Sham [14]. Since then impressive progress in extending both the theory 
formalism and basic principles, as well as in developing the DFT computer software 
has been reported. 
 
(A) The Energy Functional 
In density functional theory, the energy is not written in terms of the many-
electron wave function as is conventional in quantum chemistry, but as a functional of 
the electron density. Kohn and Sham [14] proposed that the total energy, E, of a non-
spin-polarized system of interacting electrons in an external potential is given exactly 
as a functional of the ground state electron density, ρ. 
)(ρEE =         (Eq-2.11) 
The total energy functional ][ρE  is: 
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][][][][][][ XCiieiHs ρρρρρρ EEEETE ++++=    (Eq-2.12) 
Where  is the kinetic energy of non-interacting electrons,  is the Hartree 
component of the electron-electron energy,  is the Coulomb interaction energy 
between the electrons and the nuclei,  is the interaction of the nuclei with each 
other, while  is the exchange-correlation energy. The Hartree energy  
can be expressed as: 
][s ρT ][H ρE
][ei ρE
][ii ρE









rreE −= ∫ ρρρ             (Eq-2.13) 
The energy of the electron-nuclei and the nuclei-nuclei interaction  and  
are  
][ei ρE ][ii ρE













1][ρ               (Eq-2.15) 
where  is electron-nuclei potential, ρ(r) is electron density and Z)(rV ei I ,ZJ are the 
charges of the corresponding nuclei. In the LDA,  can be written as  ][LDA-XC ρE
rdrrE 3XCLDA-XC ))(()(][ ρερρ ∫=            (Eq-2.16) 
where  represents the exchange( )-
correlation( ) energy per electron of a uniform electron gas. The expression 
of exchange-correlation energy has been given by several groups, for example, Hedin 
and Lundquist [15], Wigner [16], Perdew and Zunger [17]. An overview of the LDA is 
given in Ref. [18]. These (nonrelativistic) LDA exchange-correlation functions may be 
supplemented with relativistic corrections to the exchange part, as given by 
MacDonald and Vosko [19]. The LDA exchange-correlation potential is given by 
][][][ LDA-CLDA-XLDA-XC ρρρ EEE += ][ρLDAXE −
][ρLDACE −
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−− +=    (Eq-2.17) 
In a GGA the exchange-correlation functional depends on the density and its gradient, 
rdrrErE GGAXCGGAXC 3))(),(()(][ ρρρρ ∇= ∫ −−      (Eq-2.18) 
Several forms of GGA functionals have been proposed by Perdew and Wang (PW91) 
[20], by Perdew, Burke, and Ernzerhof (PBE) [21], and Becke’s formula for the 
exchange part [22] combined with Perdew’s 1986 formula for correlation [23] (BP). 
Substituting for the latter the formula of Lee, Yang, and Parr (LYP) [24] provides the 
so-called BLYP GGA. The GGA exchange-correlation potential (in Cartesian 















− ∑      (Eq-2.19) 
It is an open issue whether to use one of these GGAs over another. Depending on the 
application, they may yield somewhat differing results. However, the actual choice 
among these GGAs is usually less important than the differences between the LDA 
and the GGAs themselves. A discussion of the various GGAs can be found in Ref. [25].  
The choice of the functional is the only limitation of the DFT method. At the 
present time, there is no systematic way of choosing the functional and the most 
popular ones in the literature have been derived by careful comparison with 
experiment. In current thesis we chose the basis as B3LYP - a modification of BLYP 
[26], Becke’s three parameter hybrid method using Lee, Yang, and Parr’s correlation 













XCXC EaEaEEaEE ∆+∆+++= 
where ao, ax, and ac, are semiempirical coefficients to be determined by an appropriate 
fit to experimental data, Exexact is the exact exchange energy, ∆E X B88 is Becke’s 1988 
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LSDAE
gradient correction (to the LSDA) for exchange [27], and ∆E
XC
 C
 PW91 is the 1991 
gradient correction for correlation of Perdew and Wang [28,29]. For the correlation 
component of the leading term       , we use the electron- gas parametrization of Ref 
[20]. 
 The B3LYP potential combines pure DFT potentials, specifically BLYP, with 
a portion of exact Hartree- Fock (HF) exchange, where the amount of mixing is based 
on empirical grounds, i.e. fitted to improve some properties for a certain set of 
molecules. Although the physical motivation for this choice may be lacking, it is 
shown that this combination improves the performance of the BLYP potential and 
gives results comparable to the pure Becke-Perdew potential.  
 
(B) Norm Conserving Pseudopotentials
In this approach, a pseudo-wavefunction description of the system is 
constructed so as to be equal to the actual valence wavefunctions beyond some defined 
core radius r, but different from the actual core wavefunctions inside r, while retaining 
an identical norm (i.e., net charge density within the sphere of radius r). The 
motivation behind this approach is threefold:  
• to have a soft pseudopotential (i.e., use relatively few planewaves in the expansion 
of the valence pseudo-wavefunctions)  
• to insure that a pseudopotential generated for a given atomic configuration is 
transferable to other atomic configurations  
• to have a pseudo-charge density that accurately reproduces the valence charge 
density.  
The pseudopotential generated in this approach is called semi-local, since it depends 
on the angular momenta l as follows [30,31]:  
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where VLOC represents the local potential, lmax is typically 1 or 2, the VlPS is the non-
local component of the pseudopotential, and  is an angular momentum projector. 
 
(C) Ultrasoft Pseudopotentials  
Vanderbilt [32] removed the norm-conservation criterion of the 
pseudopotential, so that the pseudo-wavefunctions inside r could be made as soft as 
possible (Ultrasoft). His approach greatly reduces the planewave cutoff threshold (and 
thus the size of the planewave expansion), but does introduce some complications:  
• The pseudo-wavefunction is no longer normalized inside r; thus introducing a non-
trivial overlap in the secular equation.  
• The pseudo-charge density is no longer obtained as in the norm conserving 
approach, so a term of the following form must be added in the core region:  






nm rQrrr ββρ )()()()( * (Eq-2.22) 
 
 where Qnm are local functions calculated during the generation of the pseudopotential.  
Given the complication of generating a pseudopotential in the ultrasoft formalism, this 
approach is best used in a large calculation where the generation of the pseudopotential 
is negligible compare to the cost of the calculations. 
Ultrasoft potentials have another advantage besides being much softer than the 
norm-conserving potentials. The USP generation algorithm guarantees good scattering 
properties over a pre-specified energy range, which results in much better 
transferability and accuracy of pseudopotentials [33]. 
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2.1.5 Software Code - Gaussian and Castep  
Computational chemistry is a rapidly emerging and developing area, combining 
theoretical models with computers to investigate a variety of chemical phenomena. 
Increasingly applied throughout chemistry, computational methods are becoming an 
integral part of modern chemical research. It is common for a specific research project 
to use one computational method, preferably fast and accurate. In recent years, 
however, it has been getting increasingly popular to have several codes and to use 
them alternatingly, essentially applying the most accurate code that available 
computers allow for a given problem. In this thesis two popular quantum theoretical 
calculation software are used which are Guassia98 and Castep. 
 
(A) Gaussian98 
Gaussian98 [34] is the latest in the Gaussian series of electronic structure 
programs which is for performing semiempirical, ab initio, and density functional 
molecular orbital calculations. It is designed to model a broad range of molecular 
systems under a variety of conditions, performing its computations starting from the 
basic laws of quantum mechanics. Gaussian 98 can predict energies, molecular 
structures, vibrational frequencies and numerous molecular properties for systems in 




CASTEP (CAmbridge Serial Total Energy Package) [35] is an ab initio code 
for the solution of the electronic ground state of periodic systems with the wave 
functions expanded in a PW basis using a technique based on density functional theory 
(DFT). It was developed as part of the UKCP collaboration [36].   
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As mentioned above, DFT method is good for bond energies and forces 
calculation by treating the energy as a functional of the charge density. Due to its wide 
range of applicability and accuracy, DFT has become one of the methods of choice 
among physicists and chemists. Of many periodic DFT algorithms developed, Castep 
is one of most popular. 
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2.2 Models in Currently Thesis 
 
2.2.1 Cluster Models - Gaussian 98 Calculation 
The Cluster models are built for cyclancenes both for carbon and BN system. 
Fig-1.1 presents the one of the BN cyclancenes (n=6). For the purpose of fast 
calculation convergence and reduce the cost, we must build the models as perfect as 
possible that means the models should be reasonable and close to the optimised 
structure. So we start the semiempirical optimisation which is AM1 at initio stage. 
After that two levels of calculations were carried out using Gaussian98 suite on a Sun 
supercomputer  (E10K), by using the pervious semiempirical optimised geometry data. 
Hartree-Fock (HF) method with a 3-21G basis set was used to calculate the properties 
of Cn, (n=4 to n=9) and (BN)n (n=4 to n=12) cyclacene followed by unrestricted 
density functional theory (DFT) employing Becke’s three parameters hybrid method 
and Lee-Yang-Parr's correlation correction (UB3LYP) with a 6-31G(d) basis set was 
applied in this work [37]. Full geometry optimizations were obtained in both 
calculations. In addition, the Raman calculations were carried out for both carbon and 
BN systems using the HF/3-21G basis set. Experimental Raman studies on hexagonal 
BN films (h-BN) were carried out by students of Dr. Loh’s lab in NUS using the 625 
nm He-Ne laser. The BN film was grown by RF-CVD using borazine as the gas feed. 
 
2.2.1 Periodic Surface Models - Castep Calculation 
(A) Models 
To calculate surface geometries, two main approaches have been suggested, i.e., 
the cluster approach and slab or slab-superlattice approach. It is well known that the 
slab approach is generally better than the cluster approach since it provides more 
neighboring atoms and reduces the “termination” problem of clusters, i.e. to reduce the 
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influence of the many atoms on the “back” side of the cluster. At the same time it also 
maintains the symmetries within the plane of the slab, which is close to the real surface. 
Diamond (111) surfaces are built in supercell periodic models where crystal 
surfaces are represented by a thick slab. For the 1×1 surface, 12 carbon layers (6 
bilayers) are cut with vacuum region larger than 10 Å. And for the 2×1 surface, 7 
bilayers are cut with vacuum region larger than 12 Å. The bottom of the slab is 
saturated by H termination (Fig-2.1). 
The c-B BN B-terminated (111) surfaces are built in the similar way as 
diamond (111) which are also in supercell periodic models. But in c-BN crystal, there 
are two different types of atoms, B and N atoms. We cut the B-terminated surface and 
put it upset on the top and make the bottom slab N-terminated. So both top and bottom 
slab are single dangling bond surfaces and the bottom N-terminated slab is saturated 
by H atoms (Fig-2.2). Where for the 1×1 surface, 8 bilayers are cut with vacuum 
region about 12 Å and for the 2×1 surface, 9 bilayers are cut with 10 Å vacuum region. 
When optimising of an atom, radical or molecule such as H, O, C2, C2H2 or O2, 
it is put in a large cubic box with cell parameter of 10 Å to make sure there is no 
interaction between species.  
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Fig-2.1: Top view and side view of diamond (111). Left: The 1×1 surface with sixteen 
cells. Right: the 2×1 surface with eight cells.  
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Fig-2.2: Top view and side view of c-BN B-terminated (111) surfaces. Left: The 1×1 
surface with sixteen cells. Right: the 2×1 surface with eight cells. Red balls 
notes boron atoms and green balls note nitrogen atoms. 
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(B) Basis Set and Testing 
The total-energy calculations and optimizations were for bulk, surfaces and 
their chemisorbed surfaces of both diamond and c-BN system using the plane-wave 
pseudopotential method (CASTEP) based on density-functional theory in the general 
gradient approach for exchange and correlation [38,39]. The Vanderbilt ultrasoft 
pseudopotentials were used [40].  
For diamond (111) surfaces, the wave functions are expanded into plane waves 
up to an energy cutoff of 680.25 eV when considering oxygen, hydrogen, and hydroxyl 
chemisorbed C(111) systems (Chapter 3). And 500 eV energy cutoff is used in Chapter 
4 where C2 and C2H2 species absorption on the 2×1 surface are studied. In all 
calculations, special k points generated according to Monkhorst-Pack scheme [41] 
were used for integration over the irreducible wedge of the Brillouin zone for the 
various surface structures, with k spacing of 0.05 Å-1. The geometry optimizations 
were performed by the Broyden-Fletcher-Goldfarb-Shanno (BFGS) routine [42]. The 
exchange and correlation energies were calculated with the Perdew-Wang form of the 
generalized-gradient approximation (GGA-PW91) [43].  
The parameter sets such as cutoff energy, k point spacing and vacuum region are 
tested, further increasing the cutoff energy and reducing the k point spacing results in 
the total energy change less than 0.02 eV which is good enough for such surface 
calculations. In addition, we found that when vacuum region is 6 Å, it will be large 
enough to avoid the interaction between the replicas. 
The equilibrium lattice constant of 3.553 Å is obtained by optimizing the unit 
cell of bulk diamond (in Chapter 3). This value represents the experimental data of 
3.567 Å within error of less than 0.4 %. We used this lattice constant for all diamond 
surface computations. The clean 1×1 and the 2×1 surface models (Fig-2.1 and Fig-2.2) 
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are fully optimised. But after that, for the purpose of cutting the computational cost, 
we fixed the three bottom bilayers including the H atoms for saturation when 
investigating the species absorptions. So in these cases, for the 1×1 and the 2×1 
surfaces, actually three and four top bilayers as well as absorbed species are optimized 
respectively. 
 
For c-BN (111) surface calculations, the same methods and procedures are 
followed and the only different parameter is the cutoff energy which is 380 eV. 
Testing results show that the energy errors with these parameters are less than 0.05 eV. 
Comparing the optimised lattice constant of 3.598 Å to experimental data of 3.615 Å, 
the calculation error is less than 0.47 %. 
Please note that both the 1×1 and the 2×1 models for c-BN (111) surfaces are 
one more bilayers than that of diamond. So in the absorption calculations, four bottom 
bilayers are fixed including the H atoms which link to the bottom slab N atoms. 
 
The electron spin state must be considered for free atoms or radicals. As GGA 
cannot include spin state, GGS-PW91 will be used instead of GGA-PW91. For a single 
free atom, single point energy is calculated at different spin states and the lowest 
energy is chosen. The cutoff energy is 680.25 eV which is accurate enough for current 
calculations. As an example, Table-2.1 lists free oxygen energy values obtained by 








 - 46 -
Chapter II                                                                                                                                 Experiments 
 
Table-2.1: Free oxygen atom energies at different spin states calculated by GGS-PW91 
with two cutoff energy sets (Unit: eV) 
Cutoff Energy 680.25 380.00 
O-GGA * -432.48 -431.04 
O_Spin-0  -432.89 -432.79 
O_Spin-1 -433.70 -433.64 
O_Spin-2 -433.71 -433.64 
 
• The value obtained by GGA-PW91.  
• Spin-0, Spin-1 and Spin-2 note for spin state 0, 1 and 2 respectively. 
 
In practice, for free atoms, the ground electron spin states normally are known 
and it may not be necessary to calculate energies at different spin states. But for some 
molecules, especially for some radicals, their ground spin states sometime are not 
clear. In such case, we must calculate the energy values at all possible spin states. 
Table-2.2 gives energies of some species using GGS_PW91 with the cutoff energy 
680.25 eV. 
 
Table-2.2: Energies of some molecules or radicals calculated by GGS-PW91 with 
cutoff energy 680.25 eV (Unit: eV). 
Spin State 0 1 2 
H2 -31.80 -27.25 -27.25 
O2 -872.73 -873.15 -873.15 
H2O -470.93 -465.60 -465.60 
C2 -303.25 -303.35 -303.35 
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The reaction heat or absorption energy of species absorbed on the surfaces is 
defined as follows: 
                             ∆E = ∑E(product) - ∑E(reactant) 
where ∆E is the reaction heat and E(product) and E(reactant) are the total energy of 
each product and reactant, respectively. ∑E(product) actually is the energy of 
optimised species absorbed surface structure. While ∑E(reactant) is the sum of 
energies of clean surface either the 1×1 or the 2×1, and the free species energy which 
calculated by GGS_PW91 method. It must be pointed out that our calculations were 
done at 0 K and did not take into account temperature effect and zero-point energy, 
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     Periodic Density Functional Theory 





The study of the interaction of oxygen with diamond surfaces is important from 
the perspective of understanding the effects of oxygen on the low-temperature growth of 
diamond [1,2] as well as controlling its surface electronic and chemical properties by 
varying the surface functional groups [3,4]. The addition of oxygen into the CVD plasmas 
has been found to lower the growth temperatures and enhance the crystalline quality of 
chemical vapor deposited diamond [1,2]. This may come about from the enhanced surface 
etching of nondiamond sp2 phases by atomic O, or through the higher regeneration of 
surface radical sites by O ion abstraction of surface H during CVD, but the detailed 
mechanism is not understood. The surface electronic properties of diamond may be tuned 
by creating spatially resolved domains of oxygen or hydrogen, which can produce 
opposing influences on its electron affinity and surface conductivity, the latter two 
properties being the most critical in the applications of diamond as electron emitters and 
transistors [3,4].  
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To understand the correlation between surface structure, electronic properties, and 
growth chemistry, it is important to investigate the reaction chemistry of hydrogen and 
oxygen with diamond surfaces. There have been extensive experimental and theoretical 
efforts looking at the interaction of hydrogen with the low index faces of diamond [5-7]. 
While some experimental studies have been carried out on oxygenated diamond (100) [8-
11] and (110) [12] surfaces, the chemistry of oxygen on diamond (111) [13,14] surfaces 
has received relatively little attention. Experimental difficulties during the study of 
oxygenated diamond surfaces include charging problems in electron spectroscopy due to 
the highly insulating nature of such surfaces, and the generation of a well-characterized 
oxygenated diamond surface itself. Molecular oxygen reacts very little with the inert 
diamond surface and increasing the pressure or substrate temperature to initiate oxidation 
can result in the destruction of the diamond surface. Energetic oxygen species, such as 
ions, thermally activated oxygen molecules or reactive atoms are needed to react with 
active sites on the diamond surface. 
Nonetheless, some progress toward understanding the nature of chemisorbed O 
species on diamond surfaces has been made, although the bulk of these studies has been 
focused on diamond powder and the C(100) surfaces. Ando et al. investigated the 
chemical reaction of oxygen with diamond powder using Fourier transform infrared 
(FTIR) and Temperature Programmed Desorption (TPD) [15]. Chemisorbed functional 
groups such as carbonyl (C=O), lactone [(C=O)O], carboxylic acid [(C=O)OH], cyclic 
ether (COC), and carboxylic anhydride [(C=O)O(C=O)] were found on the diamond 
surfaces. Thoms et al. exposed the diamond (100) surfaces to molecular oxygen activated 
over a hot iridium filament and reported that atomic O could convert the reconstructed 
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(2×1) surface into the (1×1) phase, and that CO was the dominate desorption product after 
annealing [8]. Hossain et al. prepared an oxygenated diamond (100) surface using the 
iridium activation method and applied HREELS to study the chemisorbed states of atomic 
O on diamond (100) [9]. Pehrsson reported the observation of hydroxyl groups following 
the oxidation of the hydrogenated (100) surface and attributed that to oxygen insertion 
into C-H bonds on the surface [10,11]. 
Studies on oxygenated C(111) surfaces were limited to that of Klauser et al. who 
applied a microwave plasma source to prepare an oxygenated diamond (111) surface [13]. 
They reported that the surface reconstruction on C(111) 2×1 is not affected by O 
adsorption and that atomic H can replace the adsorbed O readily to convert the surface 
structure to 1×1, while atomic O cannot do the same to preadsorbed H. It is not known 
whether this result is specific to the C(111) surface, since both theoretical and 
experimental studies have shown that the adsorption of O proceed more readily on the 
prehydrogenated H:C (100) 2×1 than on the clean surface [16,17]. The recent X-ray 
scattering study of the C(111) surface following high-pressure oxygen-water oxidative 
etching by Theije et al. suggested that the surface was terminated by a full monolayer of 
OH instead of carbonyl or ether species [14]. 
To provide insights into the H-O exchange on diamond (111) surface, various 
configurations for O chemisorption on C(111) were considered by using periodic density 
functional theory. In addition, the oxidation and hydroxylation processes are simulated in 
terms of their reaction heats and absorption energies in order to provide a molecular level 
mechanism. At the same time, TPD and UPS on diamond (111) were carried out in our lab 
and Dr. Xian focused the investigation on the interactive exchange of O with chemisorbed 
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D, and vice versa on diamond (111) and search for possible desorption products such as 
hydroxyl and water besides CO and CO2. The characteristic valence band structure of 
diamond after interaction with atomic oxygen species was recorded. The experimental 
results strongly support the mechanism proposed by theoretical study. 
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3.2 Results and Discussion 
 
3.2.1 Periodic DFT Calculations 
The various structural parameters (in angstroms) and the chemisorpton energies for 
oxygen chemisorption on the C(111) surfaces are listed in Table-3.1. Several of these 
structures have quite similar chemisorption energies, suggesting that these systems may 
coexist. 
 
Table-3.1: The Structural Parameters and the Chemisorption Energies (eV) for Absorbed 











1×1 on top H    4.89  
1×1 on top O 1.326   4.24  
1×1-peroxy O 1.432 1.565  4.85  
1×1 on top OH 1.435   4.34  
2×1: 2H   1.555, 
1.561 
4.44  
2×1: epoxy O 1.433  1.457 * 
1.498 # 
5.23 50% O coverage 





2×1: OH, H 1.448  1.561, 
1.563 
4.16 50% OH coverage
2×1: OH, OH 1.407  1.579 3.99  
 
* with O in bridge,    # without O in bridge. 
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(A) Oxygen on C(111) 1×1 
At the first stage, several models for atomic oxygen chemisorption on the single 
dangling bond C(111) surface were examined. Three different bridged sites on the bulk-
terminated surface were considered. As the optimization step continues however, the O 
atoms in the bridged site will move toward the on-top site shown in Fig-3.1, suggesting 
that the on-top site for the 1×1 surface is the local energy minima. The C-O bond lengths 
were determined to be 1.326 Å with a chemisorption energy of 4.24 eV per surface O. 
This chemisorption energy is lower than that of hydrogen termination of the single 
dangling bond (4.89 eV). The termination of single bond surface by O atom alone is not 
likely considering the dangling bond on O atom. Termination by OH appears to be more 
likely considering the ubiquitous presence of hydrogen and the affinity of the lone pair 










Fig-3.1:  Optimized structure of the on-top oxygen on bulk truncated C(111) surface: (a) 
top view and (b) side view. The lengths are in units of angstroms. Only the first 
two layers of atoms are shown in (a). 
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Another possible alternative involves the binding of molecular oxygen in a peroxy 
fashion spanning two carbon sites and parallel to the surface, as shown in Fig-3.2. This 
binding mode has been suggested for low-temperature adsorption of oxygen and has been 
attributed to one of the vibrational stretches (657 cm-1) observed by a recent multiple 
internal reflection infrared spectroscopy study [12]. An alternative bridged site in the 
]101[ or ]110[  direction has a peroxy oxygen species spanning it. The chemisorption 
energy of this configuration relative to the bare surface is determined to be 4.85 eV per 
oxygen atom with a O-O bond length of 1.565 Å and a C-O bond length of 1.417 Å. Such 
a peroxy bridged site model has been considered previously by Zheng et al. using SLAB-
MINDO calculations where they obtained a O-O bond length of 1.49 Å and a C-O bond 
length of 1.43 Å [18]. The reaction heats of formation of this structure from the reaction of 
single dangling bond C(111) 1×1 surface with molecular O2 is calculated to be exothermic 
by 90 kcal/mol in this study. However due to the weak CO-OC bond compared to the CO-
H bond [38 versus 105 kcal/mol], the peroxy structure will more likely convert into –OH 
in the presence of H, as shown in the schematic in Fig-3.3. An exothermic reaction heat of 
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Fig-3.2: Optimized geometry of the oxygen peroxy species on bulk truncated C(111) 










Fig-3.3: Conversion of peroxy C(111)-1×1:O2 to hydroxyl C(111)-1×1:OH by interaction 
with atomic H atoms. 
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 (B) The Formation of Hydroxyl Groups 
The formation of a hydroxyl terminating group on C(111)-1×1 surface is 
considered. The side view and top view of the optimized bestfit model of the OH-










Fig-3.4: Optimized geometry of the hydroxyl groups on bulk truncated diamond (111):  
              (a) top view and (b) side view. The lengths are in units of angstroms. The small 
and big bold circles represent H and O atoms, respectively. 
 
The C-O-H bond is tilted at an angle of 109.7 and the C-OH bond length is 1.410 Å, with 
a chemisorption energy of 4.34 eV per OH group. A slight tilt of the C-OH bond by 2.5° is 
found, due possibly to the minimization of steric repulsion among the OH groups. Theije 
et al. [14] has determined the atomic structure of the {111} diamond face after oxygen-
water vapor etching using X-ray scattering and found that a single dangling bond surface 
terminated by -OH best fits the data. The hydroxyl group can be generated by exposing 
either the oxygen-terminated O:C(111)-1×1 surface to atomic hydrogen, or by exposing 
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the hydrogenated H:C(111)-1×1 to atomic oxygen. The exothermic reaction heat of 
formation of the C(111)-1×1 monohydride face to form OH:C(111)-1×1 from atomic O is 
calculated to be 191 kcal/mol, while the heat of reaction from the corresponding 
O:C(111)-1×1 and atomic H is 224 kcal/mol. 
For the adsorption of hydroxyl groups on the C(111)-2×1 surface, a possible model 
is the binding of the OH and H species on alternate carbon dimer in the Pandey chain, 
indicated in Fig-3.5. This structure may be an intermediate that forms after (i) the epoxy O 
on the C(111)-2×1 is attacked by atomic H and (ii) the hydrogenated C(111)-2×1 suffers 
an O insertion into one of the C-H bond. The various pathways that will lead to the 
hydroxyl-terminated OH:C(111) 1×1 is shown in Fig-3.6. The optimized C-OH bond and 
O-H bond distances are calculated to be 1.448 and 0.987 Å respectively, with a ∠COH 
bond angle of 107.5°. Interestingly, the carbon in the Pandey chains are now slightly 
buckled and the C-C bond distances have been modified to 1.563 Å and 1.561 Å 
alternatively, which are closer to the bulk C-C bond distances. To maintain the 2×1 
structure for a full OH termination of the adjacent dimer carbon, a staggered configuration 
of the OH group is necessary to prevent steric repulsion of the OH groups, as shown in 
Fig-3.7. The chemisorption energy per OH group of 3.99 eV is the lowest among all the 
systems considered here however, and at elevated temperatures, this meta-stable structure 
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Fig-3.5: Optimized structure of chemisorbed OH and H on C(111)-2×1 surfaces: (a) top 













Fig-3.6: Reaction pathways to form the final stable product C(111)-1×1:OH. 
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Fig-3.7:  Optimized structure of full OH termination on the C(111)-2×1 surfaces: (a) top 
view and (b) side view. 
 
The exothermic reaction heat of formation of the O:C(111)-2×1 surface with 
atomic H to form OH,H:C(111)-2×1 (structure as shown in Fig-3.5) is calculated to be 152 
kcal/mol per C(111)-2×1 unit cell. If the starting reactant is the 2H:C(111)-2×1 structure 
and atomic O, the exothermic heat of reaction is 52 kcal/mol per C(111)-2×1 unit cell. The 
different pathways are illustrated in Fig-3.6. The exothermic heats of reaction suggest that 
the formation of hydroxyl species from the hydrogenated or oxygenated C(111) surface 
when exposed to atomic O or atomic H will be favoured thermodynamically, and that the 
co-adsorption of hydroxyl species with chemisorbed H or O on the diamond surfaces can 
yield stable structure. This is contrasted with the relatively small exothermic heat of 
reaction for the reaction between the clean diamond 2×1 surface and water (calculated to 
be 8.3 kcal/mol) to give OH, H:C(111)-2×1 suggesting that a thermodynamically feasible 
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pathway of generating hydroxyl groups on the surface is to proceed via the oxygenated or 
hydrogenated C(111) surface instead of the clean surface. It must be pointed out however 
that activation energies needed to form the considered structure may exist and is not 
reflected in our methods of calculations. 
 
(C) 2 X 1 Configuration and Monohydrogenated C(111): H Surface  
The associative desorption of hydrogen from the hydrogen-terminated (111) single 
dangling bond surface to generate the clean C(111)-2×1 surface, as calculated in this 
study, is endothermic by about 120 kcal/mol. The optimization of the reconstructed 
C(111)-2×1 surface was started from the ideal geometry proposed by Pandey [19]. The 
optimized C-C bond distance is d=1.420 Å and the alternative C-C bond is 1.423 Å, as 
shown in Fig-3.8(a)&(b). Adsorption of a monolayer of atomic hydrogen on the 
reconstructed C(111)-2×1 surface results in a gain in chemisorption energy of 4.44 eV 
relative to the bare surface. The bond length in this chain now is modified from the value 
of 1.420 Å to 1.555 Å. Fig-3.9 shows the H:C(111)-2×1 surfaces. The bond length of C-H 
is 1.099 Å. These values agree very well with the ab-initio LDF methods of Kern et al 
[20] who found that the C(111)-2×1 Pandey chain remains stable after adsorption of a 
monolayer of hydrogen, only that the C-C bond length now is increased to 1.55 Å, i.e., 
almost identical to the bulk value. This means that the saturation of two of the dangling 
bonds breaks the π bond and allows for the formation of surface dimers in analogy to the 
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Fig-3.9: Optimized geometry of reconstructed H:C(111)-2×1 surface: (a) top view and (b) 
side view. 
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We consider the possibility of inserting an oxygen atom in a bridging fashion 
between the two hydrogenated carbon in the Pandey chain. However after optimization, it 
was found that the O has moved and inserted into the C-H bond to form C-OH instead, 
giving rise to the structure shown in Figure-3.5. The C-C stride of 1.56 Å in H:C(111)-2×1 
surface is far too short for O insertion due to steric repulsion from the two neighboring H, 
this is unlike the case of the co-adsorbed O which forms an ether-like bridge structure in 
C(100)-2×1 monohydride [16]. 
 
(D) O:C(111)-2×1 Surface 
 The minimum-energy configuration for half-monolayer atomic O chemisorption 
on the alternate bridged site of the π-bonded chain on the clean C(111)-2×1 surface is 
shown in Fig-3.10. For a hydrogen-free surface, the O atom can bind in an “epoxy” mode 
between alternative C-C in the zigzag chain without lifting the 2×1 reconstruction. 
Because the equilibrium C-C distance stride across the O atom of this structure is very 
short (1.457 Å), the COC angle is constrained to 61.1° and is markedly different to the 
COC angle found in free ether or that of the etherized structure in oxygenated C(100)-1×1 
[16]. 
The formation of this epoxy structure from the clean C(111)-2×1 surface and 
atomic oxygen is exothermic by 86 kcal/mol. A chemisorption energy of 5.23 eV and a C-
O bond length of 1.434 Å with a COC bond angle of 61.1° is obtained. The zigzag carbon 
bond distances are now 1.457 Å and 1.498 Å with and without oxygen in the bridged site. 
The chemisorption energy for this system is the highest among all the adsorption systems 
studied in this work, indicating that this may be the preferred O binding structure, at least 
during the initial stage of O uptake. 
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Fig-3.10: Optimized geometry of half-monolayer epoxy oxygen on C(111) 2×1 surface: 
(a) top view and (b) side view. 
 
For full O coverage, O adsorbing in an “on-top” fashion on each carbon of the 
zigzag chain is considered. The initial Pandey chain of the clean 2×1 surface however is 
broken following the optimization process, as illustrated in the drawing in Fig-
3.11(a)&(b). We started the process by adsorbing an oxygen molecule in a peroxy-like 
fashion along the zigzag chain, after optimization, the O atoms move to the nearly “on-
top” position of the carbon atoms along the chain with C-O bond length 1.195 Å and the 
∠OCC 109.0°. The C-C bonds along the zigzag chain are now expanded to 1.703 and 
2.318 Å, respectively. This is clear evidence that the Pandey chain has been broken 
following full oxygen coverage. The chemisorption energy for this system is 4.85 eV 
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compared to the bare surface. More importantly, the optimized C-O bond length for this 
configuration is now 1.195 Å, suggesting that the bonding is more akin to a carbonyl-type 
species in acetone. Therefore our calculations predict that at the early stage of O 
adsorption on the clean C(111) surface, an epoxy-like C-O-C bonding will dominate up to 
50% surface coverage. At higher O coverage, a transition to a carbonyl-type C=O linkage 
will occur with a consequent lifting of the 2×1 reconstruction. The heat of reaction from 
the epoxy O bridging species to carbonyl-like, on-top O species is calculated to be 
exothermic by 76 kcal/mol, as shown in Fig-3.6(d). However, in the presence of atomic H, 
these C=O-topped C(111) surface adopting a zigzag configuration is readily converted to 
OH-terminated bulk-terminated C(111)-1×1 surface as shown in Fig-3.6(e). An 








Fig-3.11: Optimized geometry of monolayer carbonyl oxygen on C(111) 2×1 surface: (a) 
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(E) Layered-Projection DOS on O:C(111)-2×1 
The layered-resolved partial DOS [21] (LDOS, separated into respective O s and p 
contributions) of the oxygen atom adopting the epoxy and carbonyl mode on C(111), 
respectively, are shown in Fig-3.12(a)&(b). The LDOS of the first layer carbon on the 
clean C(111)-2×1 surface is shown in Fig-3.12(c). The LDOS of the first layer carbon 
which bonds to the oxygen for the epoxy and carbonyl mode are shown, respectively, in 
Fig-3.12(d)&(e). We restrict our discussion here only to the first layer carbon as the 
surface DOS is mainly concentrated in this layer. The O-DOS of the epoxy mode as well 
as carbonyl mode is characterized by sharp peaks at the valence band maximum (VBM=0 
eV) attributable to the non-bonding electron pairs on the O atom. Peaks in the gap are 
conspicuously absent in the epoxy mode, whilst present in the carbonyl mode due to the 
presence of p and p* CO orbitals in the latter. The prominent peak at ~ 4-5 eV is observed 
to be common to both the LDOS of O and the first layer carbon of the epoxy and carbonyl 
modes. This peak has been observed in the UPS spectrum of the O:C(111) and can be 
taken as the unique fingerprint of CO-like bonding orbital for oxygen chemisorption on 
diamond [22]. A peak of predominantly O 2s and partial p character can be seen at 22 eV 
in the LDOS of O for both epoxy and carbonyl modes. The counterpart of this peak can be 
clearly seen in the LDOS of the first layer carbon suggesting, that this is equivalent to a 
deep-lying σ-CO state. The prominent emission intensity near 8 eV observed in the UPS 
spectra of the oxygenated diamond as well as the cesium oxide-coated diamond in Ref. 
[22], is not satisfactorily explained however. No strong DOS feature can be seen near 8 eV 
in both the LDOS of epoxy and carbonyl O in Fig-3.12(a)&(b). A possibility is that the 8 
eV feature observed experimentally is due to the diamond sp hybrid orbital rather than 
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originating from the CO bonding orbital. The pronounced intensity at 8 eV [22] for the 















Fig-3.12: Layered-resolved partial DOS of (a) epoxy O on C(111) 2×1; (b) carbonyl O on 
C(111); (c) first layer carbon on C(111) 2×1; (d) first layer carbon for "epoxy O" 
bonding mode; (e) first layer carbon for "carbonyl O" bonding mode. Note that 
the surface gap states present in (c) between 0 and 5 eV are quenched in the 
"epoxy O "mode in (d), but a quasi-continuous band gap states are present for the 
"carbonyl O" mode in (e). 
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Kern et al. have shown that the clean C(111)-2×1 surface has a flat, nearly 
dispersionless band of surface states along the boundary of the surface Brillouin zone [23]. 
The presence of surface states in the gap region of C(111)-2×1 is shown clearly in our 
calculation in Fig-3.12(c) between 0 and 5 eV. Interestingly, Fig-3.12(d) shows that with 
the adsorption of 1/2 monolayer O in an epoxy bonding mode, the surface states in the gap 
are quenched, as can be judged from the widening of the gap. The band gap is now 
comparable with that of the bulk gap. In Fig-3.12(e), when the O coverage is increased to 
1 monolayer with the conversion to the carbonyl bonding mode, a quasi-continuous 
surface states can be seen between 0 ~ 5 eV. A comparison with the LDOS of carbonyl 
oxygen shows that the π* anti-bonding states of CO may contribute to DOS states in the 
gap. The presence of such quasi-continuous gap states may have effects on the electronic 
properties due to pinning of surface Fermi level by these states. A detailed surface band 
structure is now underway to investigate the dispersion of these states in k-space. The 
results here do indicate that with 1/2 or 1 monolayer O coverage on the C(111)-2×1 




This study provides some insights into the mechanism of oxygen adsorption and 
desorption in association with its binding configuration on the C(111) surface by using 
periodic DFT method. The calculation results very well agree with UPS experiments and 
explain the experimental observation at an atomic level [22]. The UPS study reveals that 
distinct O-induced surface states can be seen in the valence band spectrum at room 
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temperature after the exposure of a hydrogenated C(111)-1×1 surface to atomic O, which 
explain why the uptake of O is facile on the hydrogenated surface.  
The theoretical calculations showed that all of the chemisorption sites considered 
in this study for oxygen adsorption on C(111)-1×1 and 2×1, have the carbon atoms 
bonded to single O species. The configuration of the single dangling bond C(111) face 
does not allow for the existence of twin bonded species such as the ether structure (O-C-
O) which has been previously detected by vibrational spectroscopy on the C(100)-2×1 
surfaces [9-11]. This explains why only CO, and not CO2, was observed as the desorption 
product on the C(111) face, in contrast to the C(100) face where CO2 was detected in 
addition to CO [8]. Recently, Mackey performed TPD study on (110) oriented diamond 
and observed both CO and CO2 evolution [12]. Therefore the observation of only CO 
desorption from C(111) is unique among the three low index faces of diamond. The 
desorption of CO implies that etching of diamond is occurring because of the removal of 
carbon. The threshold for CO desorption on C(111) is 600 °C, suggesting that etching of 
diamond surface will proceed at this temperature and above. 
It is instructive to ask this question: What is the configuration of a full monolayer 
O coverage on the C(111)-2×1 surface? The previous experimental studies [22,24] in our 
lab showed that at low oxidation temperatures, the uptake of  O on C(111)-2×1 surface 
can proceed without lifting the 2×1 reconstruction. The DFT calculations presented above 
reveal that the optimized oxygenated 2×1 structure has an epoxy oxygen spanning two 
carbon atoms of the Pandey chain (Fig-3.10), while the neighbour carbon dimer in the 
chain is not bonded to O. In such a case, the surface O coverage attained is only 50%. The 
experimental observation of a stable 2×1 reconstruction following oxygen adsorption at 
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low temperature supports the previous observation of Klauser et al. [13] and lends support 
to the epoxy oxygen binding mode.  
The calculations also show that at higher oxygen coverage on the C(111), a 
possible intermediate structure, consisting of a full monolayer of bonded C=O with 
incommensurate reconstruction may exist, as shown by the structure illustrated in Fig-
3.11. The consequence of accommodating a full monolayer O (every surface C bonded to 
O) is the lifting of the 2×1 reconstruction because the fully occupied C=O bonded surface 
necessitates the breaking of the Pandey chain to accommodate double bond formation 
between carbon and oxygen. This could be the reason oxygen uptake is thermally 
activated: the activation barrier for lifting the 2×1 reconstruction has to be overcome. In 
addition, reaction heat considerations suggest that a fully O terminated C(111)-1×1 
surface is the final stable product from the different precursor oxygenated states (Fig-3.6).  
 
 
 - 72 -




We have carried out a systematic study on H and O atoms absorption on the 
diamond (111)-1×1 and 2×1 surface investigation by periodic DFT methods. The 
calculation results suggest that there is a change in the O chemisorption states depending 
on the O coverage on the surface. At low O coverage (less than 50%), an epoxy-like O 
adsorbs on the Pandey chain of the C(111)-2×1 by occupying alternating next-nearest 
neighbour sites, such that the bonding stoichiometry is C2O. At higher coverages (up to 
100%), a carbonyl-like O bonding mode (CO) is more stable and the 2×1 reconstruction is 
lifted, i.e., every neighbouring carbon atom is terminated by on-top O. In the presence of 
atomic H, reaction heat considerations suggest that the oxygen chemisorbed surface may 
convert to a more stable hydroxyl terminated C(111)-1×1. 
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Chemisorption of C2 Biradicals and Acetylene 
on Reconstructed Diamond (111) 2×1: 





Atomistic surface processes such as reconstructions and epitaxial growth can result 
in new material system on nanometer scale with unpredecented structural and electronic 
properties. Among such structures, one dimensional atomic chains, or surface quantum 
wires (SQW) formed by self organization during various adsorption and growth processes 
have received particular interest [1]. The 1-D solid features exotic phenomena such as 
Peierls instabilities, anomalous phonon dispersions, spin and charge density waves and 
unconventional superconductivity. In recent years, many atomic-scale 1-D structures have 
been observed on metals e.g. 1-D polymer-like reaction products with O2/H2 on Cu(110), 
Ag(110) and Ni(110) [2,3]. In the case of semiconductors, another variety of 1-D chains 
include the missing dimer rows on the Ge/Si(001) [4], Bi wires on Si(001) [5], Si chains 
on SiC (001) [6,7] and C2H4 molecular chains on Si(001) [8]. 
 
The reconstructed diamond (111) 2×1 face is an interesting candidate to find brand 
new 1-D materials due to the inherent low dimensionality as well as the weak interaction 
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between the π-reconstructed face and the adsorbate. Adsorbate systems such as the C2 
biradical as well as C2H2 molecules are considered in this study, both of these are gas 
phase precursors which could contribute to diamond growth, and have been detected by 
various in-situ diagnostic means in previous studies [9-14]. Recently there has been 
intense interest in the preparation of ordered organic monolayers on Si(001) where the 
orientation of the individual organic molecule is influenced by the orientation of the 
underlying Si=Si dimer [8,15,16]. Alkenes, for example, can bond to the Si(001) surface 
by breaking the π bond of the alkene and the silicon (001) dimers and forming two sigma 
bonds. This process does not involve fragmentation and provides better control of atomic 
structure and assembly. Similar adsorption problem on diamond has not been studied. 
 The presence of C2 has been detected in the CH4/H2 or C60 mixture used for 
diamond deposition as green Swan bands by optical emission spectroscopy, and has been 
correlated to diamond-like or nanocrystalline diamond deposition [9-14,17-19]. In terms 
of fundamental chemistry, the detection of C2 radicals has led to the proposal of a new 
diamond growth process based on the insertion of C2 on the dimer bridge site on the 
C(100) or C(110) surfaces [20-22]. It has been demonstrated that nanocrystalline diamond 
can be deposited in a hydrogen-poor environment (eg. C60/Ar) where C2 is the main 
precursor [9-14]. Mechanisms for the growth of nanocrystalline diamond films from C2 
radicals have been proposed for the C(100) and C(110) surfaces due to the availability of 
ready adsorption site on these surfaces for direct C2 insertion [20-22]. Earlier DFT 
calculations for C2 insertion on the C(110) surface for example showed that the individual 
steps in this growth mechanism are energetically very favourable and have small 
activation barriers [22].  
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To the best of our knowledge, no proposal for the propagation of the C(111) face 
based on direct C2 addition has been proposed, despite the fact that the slow-growing 
(111) face has been observed to be manifested as the dominant crystal habit during a large 
part of the diamond growth window prior to the degradation of the crystal habits into 
nanograins under a hydrogen-poor, C2-rich growth conditions. 
The reconstructed C(111)-2×1 can be generated in vacuum following the 
desorption of hydrogen from the surface at 900°C. The Pandey π-bonded chain is clearly 
favored on the surface although the precise positions of the atoms in the unit cell are still 
under debate [23-25]. The Pandey chain can be considered as a weakly bound quasi one-
dimensional chain on the C(111) 2×1 surface. The frontier orbitals of the carbon chain 
atoms consist of π bonding and π* antibonding orbitals analogous to the structure of 
alkenes. It is possible that one-dimensional conductors of the "conjugated polymer" type 
can arise from the self-assembly of C2 or C2H2 precursors on the Pandey chains, or 
between the chains where head-on interaction between the p orbitals of the adsorbate and 
the substrate allows σ bonding. Intramolecular π-bonds can be formed in these polymer 
chains via delocalization of electrons in the pz orbitals along the chain, but it remains to be 
investigated whether intra-chain bonding within the chain is stronger than inter-bonding 
with the substrate. A quantum chain system can be formed if there are very weak 
substrate-chain interactions achieved via secondary pz orbital interactions. In view of this, 
we need to address the possible bonding geometry of C2 and C2H2 on the reconstructed 
C(111) face. The purpose of our investigation is to identify possible bonding geometries 
and pathways for the self-assembly of these species on the C(111) surface to see if thin 
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superstructures that observe special epitaxial relationship to the substrate can be 
developed. 
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4.2 Results and Discussion 
 
4.2.1 C2 and C2H2 Chemisorption Sites on Diamond (111) 
The optimization of the reconstructed C(111)-2×1 was started from the ideal 
geometry proposed by Pandey [23]. This is a π-bonded chain structure where atoms in the 
top two layers form chains with a bond length = 1.425 Å, similar to the graphitic layer. 
Fig-4.1(a) and (b) shows the side view and top view of the zig-zag Pandey chain running 
in the [110] direction. The electronic band structure of the relaxed C(111)-2×1 Pandey 
chain in Fig-4.2 shows mainly the occupied (S2) and frontier surface bands (S1) deriving 
from the π-bonding and π anti-bonding combinations of the p orbitals along the chain and 
perpendicular to the surface. The nearly flat and degenerate bands along the JK  indicates 
the one-dimensional nature of the chain. The very small upward dispersion of the chain 
suggests chain-substrate interactions. The closing of the surface gap at the Fermi level 
makes the surface semi-metallic and originates from the chemically equivalent atoms 
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Fig-4.1: Calculated C(111)-2×1 ideal Pandey-chain structure. (a) side view; (b) top view. 
Only top 3 layers are shown in top vies, the lengths are in units of angstroms. The 













Fig-4.2: Band structure of the C(111) 2×1 surface for Pandey π-bonded chain geometry. 
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We consider a few possible chemisorption sites on the C(111)-2×1 surface for the 
insertion of C2 and C2H2, with a view to considering whether the chemisorbed species can 
become a surface site for the adsorption of a second layer to propagate a well-defined 
diamond face in a layer-by-layer mode, in such a case the process is classified as growth. 
The C2 radical is a potential building block because it can generate the [110] and [111] 
diamond face by direct insertion into the growing sites to propagate diamond growth. For 
C2H2, further abstraction of the hydrogen by atomic hydrogen is necessary before the 
carbon can be fully incorporated into the lattice. If the propagation of a well-defined face 
is not possible, then the chemisorbed species may constitute a new nucleation center and 
the process is classified as nucleation. The optimized bond length in C2 and C2H2 was 
calculated to be 1.267 Å and 1.196 Å respectively.  
 
4.2.2 C2 Chemisorption on C(111) 1×1 
For a single-bond cleavage (111) 1×1 surface, the adsorption of C2 on the dangling 
bonds of two surface carbon in the 1×1 unit cell yields a chemisorption energy of −3.91 
eV per C2. In this case, a 2×2 unit cell was considered intentionally to keep the position of 
the next-nearest neighbor vacant, as shown in Fig-4.3(a)-(i)-(ii). The optimized structure 
at first consists of the C2 aligned with the edge of the 1×1 unit cell. The adsorption of a 
second C2 on the nearest-neighbour site is exothermic by 9.2 eV/mol, enhanced by lateral 
interactions among the neighbouring C2 such that the equilibrium structure produces a zig-
zag chain running in the [110] direction, as shown in Fig-4.3(a)-(iii). The side view of a 
five-member ring structure (ABCDE) as shown in Fig-4.3(a)-(i) reveals that the zig-zag 
chain structure is similar to the second carbon layer of the reconstructed C(111)-2×1 
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surface. The first layer of the C(111)-2×1 can be generated by the addition of a second 
layer of C2 on-top of the pre-adsorbed ones, as shown in Fig-4.3(b)-(i), such that fivefold 
and sevenfold rings are obtained underneath the surface by self-assembly. In other words, 
the adsorption of two layers of C2 on the C(111)-1×1 surface results in an equilibrium 
structure of a C(111)-2×1 surface. The C1st layer-C2nd layer bond distance of 1.53 Å and C2nd 
layer to C3rd layer bond distance of 1.64 Å is similar to that of the optimized C(111)-2×1 clean 
surface. Such layer-by-layer total energy calculations reveal that C2 will self-assemble on 











Fig-4.3(a): Adsorption of C2 biradical on the C(111)-1×1 surface in a 2×2 unit cell, the C2 
is intentionally spaced apart in (i) and (ii), showing side view and top view 
respectively; (iii) the addition of another C2 results in a zig-zag chain upon 
optimization. 
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Fig-4.3(b): Addition of a second layer of C2 on-top of the pre-adsorbed first layer on the 
C(111)-1×1 surface gives rise to the C(111)-2×1 surface. 
 
 
4.2.3  C2 Chemisorption on C(111) 2×1 
          Next, we consider the possible chemisorption sites on the C(111) 2×1 for C2. One 
possible chemisorption site is direct "on-top" insertion into the two carbon atoms within 
the Pandey chain. The intrachain insertion of C2 could lead to carbene-type 
cyclopropylidene or cyclobutyne-like structures. If the C2 was allowed to approach with 
its bond axis perpendicular to the surface, an erect cyclopropylidene structure is formed 
with a chemisorption energy of –3.58 eV per C2 molecule per 2×1 unit cell, as shown in 
Fig-4.4. The C-C bond distances between the surface carbon and the nearest attached C2 
carbon is 1.47 Å and the C-C bond length between the carbon in the Pandey chain is 1.48 
Å, such that the structure resembles a cyclopropylidene. The C-C bond length for the 
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immediate sites not attached to the adsorbed C2 has relaxed to 1.526 Å, which is close to 
the bulk values of 1.542 Å. No tilting of the C1-C2 bond axis with respect to the surface to 
facilitate lateral bonding between neighbouring chemisorbed C2 was found. This is judged 
to be a consequence of the very stable three-member triangular structure formed in the 











Fig-4.4: Optimized structure of C2 chemisorption with its bond axis perpendicular to the 
C(111)-2×1 surface, forming a cyclopropylidene: (a) side view (b) top view. 
Chemisorption energy = -3.58 eV per C2 per 2×1 unit cell. 
 
To see if a cyclobutyne-type structure can be formed, the C2 radical was allowed to 
approach the sample with its bond axis parallel to the sample face. The situation of 50% 
coverage where the adsorbed C2 was spaced out to prevent lateral interaction was shown in 
Fig-4.5. The C-C distance in the adsorbed C2 is 1.276 Å, whereas the substrate C-C 
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distance is 1.499 Å. The chemisorption energy of –2.26 eV per C2 per 2×1 unit cell 
suggests that this is a less preferred bonding structure compared to the former case. The 
substrate-adsorbate distance was 1.596 Å and 1.592 Å respectively. The strong substrate-
adsorbate interaction can be judged from the lifting of the chemical equivalence of the 
Pandey Chain. The C-C distance of the unoccupied substrate site between the two 
adsorbed C2 was shortened to 1.375 Å, indicating a greater degree of π-bonding between 
substrate carbon that has not directly interacted with C2. The C-C distance in the Pandey 
Chain alternates between 1.499 Å for the occupied and 1.480 Å and 1.375 Å for the 












Fig-4.5: Optimized structure of cyclobutyne formed by the chemisorption of C2 with its 
bond axis parallel to the Pandey chain, 50% surface coverage, (a) side view (b) 
top view. Chemisorption energy = -2.26 eV per C2 per 2×1 unit cell. 
 - 86 -
Chapter IV                                                                    Chemisorption of C2 Epi-layer on Diamond (111)-2×1 
If the surface coverage of C2 was increased to 100% in an attempt to form a 
conjugated, zig-zag chain, an interesting situation results. It is found that no stable 
chemisorption between the C2 chain and the substrate can occur because of the strong 
lateral interaction between the C2 once the C2 gets within the lateral bonding distance. The 
optimized structure is a linear quantum chain that runs parallel to the direction of the 
Pandey chain with an iso-equivalent bond distance of 1.256 Å, as shown in Fig-4.6. The 
equivalent intrachain distances suggest the delocalization of the pz electrons along the 
chain. The substrate-chain distance is 4.204 Å (larger than van der Waals distance in 
graphite), so effectively this is out of the covalent or weak van der Waals bonding range 











Fig-4.6: Formation of a quantum chain following the optimization of the surface structure 
consisting of a full coverage of C2 in an "on-top" fashion on the Pandey chain, (a) 
side view (b) top view. 
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The third chemisorption site considered involved the bridging of the C2 between 
the carbon of two neighbouring Pandey chains running in the [110] direction. The most 
stable configuration, as shown in Fig-4.7, adopts a straddled geometry between the two 
parallel Pandey chains, with the atomic positions of the two carbon atoms of the C2 
directly overlapping with the two carbons of the third layer. The bond axis of the C2 in this 
case is aligned alternatively with the [121] and [211] directions. The chemisorption 
energy of –6.38 eV per C2 indicates that this is the most stable configuration among all the 
C2 sites considered. Lateral chemical interaction among the neighbouring chemisorbed C2 
allows the propagation of a zig-zag chain running in a similar direction to the underlayer 
chain such that the 2×1 reconstruction of the underlayer is replicated by the overlayer 
formed by the C2, as shown in Fig-4.7. The bridging bond distances to the first layer 
substrate carbon are 1.63 Å. The C-C bonds in the substrate Pandey chain have relaxed 
from 1.421 Å to 1.525 Å. Interlayer bond distances have also expanded with the 
chemisorption of C2, a slight buckling is present with the bond distances between the 
second and third layer carbon increasing to 1.734 and 1.713 Å respectively. The side-view 
of the structure as shown in Fig-4.7(b) shows that the sub-surface ring to which the 
overlayer C2 belongs is a six-member ring (indicated as ABCDEF), similar to the structure 
of the (110) face. In other words, the chemisorption of C2 in a bridging fashion between 
two Pandey chain generates a "(110)-type" surface on-top of the C(111)-2×1. It is 
interesting to consider whether the (110) face can propagate simply by the addition of C2 
in a similar "bridging-fashion" between the zig zag chain, allowing the "(110)-type" 
surface to grow from the C(111)-2×1 template.  
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Fig-4.7: (a) Chemisorption of C2 in a straddled fashion between the Pandey chain, 
showing the (a) top view (b) side view of the chemisorbed C2. Note the 
formation of a six membered ring and the similarity of this surface to the C(110) 










Fig-4.8: (a) Side and (b) top views of the epitaxial graphite formed by the chemisorption 
of a second layer of C2 layer on top of the first layer C2 shown in Fig-4.7. 
Chemisorption energy = -12 eV. 
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To investigate whether a second layer of C2 can be added in a straddled geometry 
between zig-zag chain of the first layer of adsorbed C2, we add another layer of C2 
between the chemisorbed C2 chains. Following optimization, it was found that self-
assembly of the C2 structure due to strong lateral chemical interactions results in the 
formation of a graphite honeycomb structure with C-Cring =1.45 Å. This graphite layer is 
epitaxially grown on top of the C(111)-2×1 face because almost complete registry of it 
with the C(111)-2×1 face is obtained, as viewed  from the top in Fig-8. This is equivalent 
to the process of van der Waals Epitaxy, where the formation of sharp and defect-free 
interfaces between the 2D graphite and the 3D substrate occurred [32,33]. The distances 
between the graphite epilayer and the C(111) 2×1 substrate of 3.61 Å is within the van der 
Waals bonding range. The heat of reaction generated from the addition of a second layer 
C2 on the first layer to give the graphite epilayer is calculated to be –12 eV per C2 per 2×1 
unit cell. The exothermic heat or reaction suggests that diamond propagation on the 
C(111) face is inhibited by C2 adsorption due to the tendency to self-assemble to form 
graphite. The increased corrugation of the C(111)-(2×1) surface provides a better 
matching to the flat graphite layer compared to the C(111) 1×1 face. Therefore our results 
predict that growth conditions utilizing hydrogen-poor, C2-rich gas feed easily result in the 
graphitization of the C(111) face following the self-assembly of C2 in a layered fashion on 
the surface.  
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4.2.4 C2H2 Chemisortion Site on C(111)                 
      In the case of C2H2 adsorption on (111)-2×1, we consider first the direct addition on 
the zig-zag chain. Initially the C2H2 was intentionally spaced out to prevent lateral 
interactions. If only isolated C2H2 molecules adsorb on the chain to attain 50% coverage, a 
cyclobutyne-like structure is formed between the C2H2 and the substrate, as shown in Fig-
4.9(a). In this case the substrate C-C carbon that bonds directly with the acetylene is 
relaxed to 1.6 Å (from original 1.42 Å) and the neighbouring C-C distances are changed to 
1.52 Å and 1.34 Å. The relaxation of one site causes the C-C bond distance in the next-













Fig-4.9(a): (i) Side and (ii) top views of the cyclobutene structure formed by the 
chemisorption of C2H2 directly on top of the Pandey Chain at 50% coverage, 
the chemisorption energy is -1.42 eV. 
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Fig-4.9(b): Chemisorption of C2H2 directly on top of the Pandey Chain at 100 % coverage. 
Chemisorption energy = -2.26 eV.   
 
If the coverage of C2H2 is increased to 100%, the geometry of the zig-zag 
adsorption site favors the side-on overlap of the p orbital between adjacent C2H2. The 
side-on overlap allows the sp3 re-hybridization of the isolated cyclobutyne into 
polyethlyene, as shown in Fig-4.9(b) and relaxes the C-C bond. The plan view in Fig-
4.9(b)-(ii) shows that the lateral interaction gives rise to a polyethylene chain that runs 
parallel to the Pandey chain. The breaking of two π bonds and the formation of four sigma 
bonds are energetically favourable (145×2 - 4×80 kcal/mol). Consequently, the addition of 
C2H2 on the Pandey chain carbon gives rise to a self-assembled polyethylene structure 
with a substrate-adsorbate distance of 1.573 Å and an equivalent C-C bond distance of 
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1.506 Å (from 1.325 Å at 50 % coverage case), and with a chemisorption energy of -2.26 
eV per C2H2.  
 Another possible site is the binding of the C2H2 in a bridging fashion between two 
rows of Pandey chain. Self-assembly via lateral bonding can generate a polyethylene 
structure, as shown in Fig-4.10. In this case, the C-C bond distance has expanded to 1.564 
Å. The chemisorption energy of -1.76 eV per C2 per 2×1 unit cell suggests that the 
bridging structure is a less favorable option compared to the on-top structure. It is 
noteworthy that the reverse is true in the case of C2 adsorption. No further assembly of 
another C2H2 adlayer on the pre-adsorbed layer is possible because the surface is 











Fig-4.10: Side and top views of the cyclobutene structure formed by the chemisorption of 
C2H2 in a straddled configuration between two Pandey chains. Chemisorption 
energy = -1.76 eV. 
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4.2.5   DOS and Band Structure Calculation 
              One interesting result from the DFT study is the suggestion of the possibility of 
preparing a diamond/graphite, diamond/quantum chain, diamond/C2H2 superstructure by 
the assembly of C2 and C2H2 on the C(111)-2×1 surface. Charge transfer between the 
adlayer and the substrate can be judged from the changes in the surface DOS of the 
substrate before and after the chemisorption. The layered-resolved DOS of clean (2×1) 
surface shows that the DOS of the surface-states in the bulk-gap is mainly concentrated on 
the top most layer, as shown in Fig-4.11. The DOS of the surface-states in the bulk gap 
extends over the entire region from 0-5 eV, with maxima close to the valence-band 
maximum and to the conduction-band minimum arising from weakly dispersive bonding 
and antibonding states in the band structure along Γ-J. The surface states feature also 
manifest as a shoulder which appears at about 1.5 eV below the VBM, this feature is 
present up to the S-3 layer and vanished only for the deeper bulk layers. The fact that this 
feature is related to the surface state due to the π bond can be judged from its 
disappearance following the termination of the (2×1) with hydrogen. The presence of this 
feature has also been verified experimentally by photoemission study as a peak at ~1 eV 
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Fig-4.11: Layered-resolved DOS of clean diamond (2×1) surface showing that the surface 
states in the gap is concentrated mainly in the top layer. (⎯ 2p ----- 2s). 
 
The layered-resolved DOS of graphite/diamond in Fig-4.12 shows that the single 
layer graphite plane has almost no interaction with the substrate bulk, as can be judged 
from the similar DOS structure of the first layer substrate carbon (Fig-4.12(b)) with that of 
the clean C(111) 2×1 surface (Fig-4.11(a)). The DOS structure of the single layer graphite 
in Fig-4.12(a) shows the classic 2D-semimetal characteristics. The lower π bonding band 
is completely filled and the upper π-antibonding band is completely empty, with the Fermi 
level mid-way between them. In reality, the graphite will not extend indefinitely on the 
surface but most likely form domains. One possibility is the anchoring of the graphite onto 
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the surface by chemical bonding with ad-species such as the erect cyclo-propylidene 
structure, which can act as a interfacial structure between the graphite and diamond. The 
structure of the epitaxial graphite on diamond presents the interesting situation of a 
semimetal on insulator structure. The erect cyclo-propylidene (Fig-4.4) can act as a bi-
functional group to bond between the diamond and graphite may act as an electron tunnel 














Fig-4.12: Layered-resolved DOS of C(111) 2×1 following the formation of graphite 
epilayer arising from the assembly of two layers of C2, showing (a) epilayer 
graphite on C(111) 2×1 (+ 1 layer); (b) first layer substrate carbon (original 
surface layer); (c) third layer substrate carbon (-1 layer). (⎯ 2p ----- 2s). 
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For the diamond/quantum chain structure, the LDOS in Fig-4.13(a) shows that the 
first layer carbon exhibits a series of sharp peaks in the valence as well as conduction 
bands. A gap of 2 eV exists in the valence band between the sp hybrid orbital and the py or 
pz orbitals. The very sharp peaks are characteristic of the one-dimensional nature of the 
carbon chain where there is no interaction with the substrate lattice, and between adjacent 
chains. Such a situation may arise in reality from the physiosorption of one-dimensional 
polymeric C2 chains on the C(111)-2×1 surface where the interaction arises via weak 
secondary p-orbital interactions.  The surface layer has no interaction with the substrate, as 
judged from the similarity between the substrate LDOS in Fig-4.13(b) with the clean 












Fig-4.13: Layered resolved DOS following the assembly of C2 in an "on-top" fashion on 
the Pandey chain, giving rise to (a) quantum chain (+1 layer); (b) original 
substrate layer; (c) -1 layer. 
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Fig-4.14: Layered-resolved DOS showing DOS of (a) chemisorbed C2 in the straddled 
geometry between Pandey chains (+1 layer); (b) original substrate carbon (0 
layer) and (c) -1 layer. The chemisorbed C2 in (a) shows π-type surface states in 
the gap, whilst the surface states of the substrate carbon in (b) are notably 
reduced following interaction with the chemisorbed C2. (⎯2p; ----2s).  
  
On the other hand, strong substrate-adlayer interaction occurs between the first 
layer chemisorbed C2 and the Pandey chain, as can be judged from the changes in 
substrate carbon DOS before and after the chemisorption of C2 in Fig-4.14. The LDOS of 
the chemisorbed C2 in Fig-4.14(a), when it is adopting the straddled geometry is similar to 
that of the clean C(111)-2×1, with distinct p-π surface DOS peaks in the gap, indicating 
that the zig-zag chains are electronically equivalent. The interaction of chemisorbed C2 
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with the C(111)-2×1 substrate results in the attenuation of the p-π surface DOS peaks of 
the substrate carbon following σ-bond formation for surface atoms directly interacting 
with the C2, but no complete passivation of the surface states of the substrate carbon 
occurs as residual intensities can be seen in the gap in Fig-4.14(b). This is due to the 
charge transfer from the surface chemisorbed C2 to the first layer substrate. 
 
At the initial stage of acetylene adsorption on the surface, (i.e. when the coverage 
of C2H2 < 50%), two interesting situations exist because we have part of the surface 
bonded to C2H2 directly, whilst part of it is not bonded (refer Fig-4.9(a)-ii). Fig-4.15(a) 
shows that π-bonded states can be seen in the LDOS of the chemisorbed acetylene at 50% 
coverage, this is contrasted with the full sp3 re-hybridization of the acetylene following the 
conversion into polyethylene. Fig-4.15(b) shows that the surface states of the substrate 
carbon directly interacting with C2H2 is attenuated, with a consequent widening of surface 
gap, indicating that the surface carbon has re-hybridized into sp3-like state.  Prominent π 
and π* peaks are present in the LDOS of the Pandey chain carbon that has not reacted 
with C2H2 in Fig-4.15(c). The enhancement of the π and π* peaks, and the shortening of 
the C-C bonds to 1.375 Å, suggests a stronger π-bonding between the Pandey carbon that 
has not bonded to the C2H2. The relaxation of the Pandey carbon atoms that were bonded 
to the C2H2 resulted in a contraction of the bond distances of Pandey carbon atoms not 
bonded to it. A small gap of ~1 eV has now opened in the LDOS of Pandey carbon atoms 
that are not bonded to the C2H2, where it was absent for the clean C(111)-2×1 surface 
before. Resonant states in the valence bands of the sub-surface layers arising from charge 
transfer from the surface π states can be seen in Fig-4.15(d) and (e). For example, the 
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subsurface (-1) layer that is bonded to the Pandey chain not bonded to C2H2 shows a 















Fig-4.15 (a): Layered resolved DOS of (a) adsorbed C2H2 at 50% coverage; (b) substrate 
carbon in a Pandey chain bonded to C2H2 (0 layer); (c) substrate carbon in a 
Pandey chain not bonded to C2H2 (0 layer); (d) -1 layer bonded to 0 layer that is 
bonded to C2H2; (e) - 1 layer bonded to 0 layer that is not bonded to C2H2. (⎯2p; 
----2s). 
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At 100% coverage of the chemisorbed C2H2 to form polyethylene, the surface 
states in the gap of the clean C(111)-2×1 were totally passivated, as shown in Fig-4.16. 
Cross-linking via lateral interactions and interaction with the substrate converts the π -
bonds in the free acetylene to sp3 hybridized σ bonds such that no π-states remained in the 
gap region. In other words, the surface becomes almost bulk-like with the adsorption of 
acetylene on the surface. The corresponding surface band structure in Fig-4.17 shows 

















Fig-4.16: Layered resolved DOS (LDOS) showing the passivation of surface states 
following the chemisorption of C2H2 to form polyetylene. LDOS of (a) C2H2 
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layer (+1 layer); (b) 0 layer; (c) -1 layer. The original surface DOS (0 layer) is 













Fig-4.17: Band structure of the C(111) 2×1 surface chemisorbed with polyethylene formed 
by the self-assemby of C2H2.  
 
The most stable adsorption configurations for C2 and C2H2 on the reconstructed 
C(111)-2×1 face were found to differ in this work. For C2H2, a direct on-top insertion into 
the carbon of the Pandey chain yields a stable cyclobutene structure, and this is the 
preferred adsorption configuration to the bridging configuration between two Pandey 
chains. Lateral interaction between the adsorbed C2H2 leads to the formation of 
polyethylene that can run parallel to, and on-top of the Pandey chain. This structure 
however does not provide a template for the propagation of the C{111} face and inhibits 
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further growth by site-blocking. In the case of C2, the most stable configuration adopted is 
the bridging configuration between the two Pandey chains.  If a second layer of C2 adds in 
a bridging fashion between the two pre-adsorbed chains on the C(111)-2×1, self-assembly 
of the C2 results in the formation of graphite. This intriguing result is suggested by the 
structural similarity between the C(111)-2×1 and graphite. The strong in-plane interaction 
among C2 suggests that there is a thermodynamic driving force towards graphitic 
formation when a hydrogen-poor, C2-rich gas-feed is utilized for diamond growth on the 
C(111) substrate. 
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We performed periodic DFT calculations to derive insights into the degradation 
mechanism of the slow growing C(111) face under growth conditions employing 
hydrogen-poor, C2-rich gas feed. The most stable adsorption site for C2 is across the 
Pandey chains of the reconstructed 2×1 surface to generate a [110]-like surface. However 
the addition of a second layer of C2 results in the formation of epitaxial graphite. 
Therefore, addition of C2 does not provide a facile route for the propagation of the C(111) 
face due to ready graphitization of the surface. Considerations for C2H2 shows that the 
most stable configuration is the "on-top" site of the Pandey chain. The unique symmetry 
of the zig-zag chain on the C(111)-2×1 provides a molecular template that favors the 
lateral interaction between the chemisorbed C2H2, leading to self-assembly of 
polyethelene that runs parallel to the chain. Our results suggest that it is possible to form 
ordered organic monolayers by the highly specific interaction between the π bonds of 
unsaturated organic species and the π bonds on the diamond Pandey chains. 
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Ab initio studies of surface reactions on cubic 
BN (111) 1×1 and 2×1 surfaces 
 
5.1 Introduction 
Cubic boron nitride (c-BN) has attracted increasing research interest during the 
past decade because of its usefulness in oxidation-resistant hard coatings.  Potentially, it 
can be applied in high-temperature electronic and optical applications because of its high 
thermal conductivity and wide band-gap. [1]. c-BN thin films have wide-ranging 
applications as wide band-gap semiconductors [2,3], heat sinks, cutting tools, and field-
emission devices [4]. In some respects, c-BN is even more suited for electronic 
applications than diamond because it can be both n and p-doped [1], whereas diamond has 
only been p-doped successfully.  
In practice however, the growth of high-quality c-BN films is more difficult than 
that of diamond films. Vapour phase deposition usually produces nanocrystalline 
materials with a mixed content of hexagonal BN (sp2) and c-BN (sp3) phases [5,6]. In 
particular, it remains unclear whether the growth of the sp3 phase can be promoted 
kinetically using sp2 etchants, analogous to the role played by atomic hydrogen in 
favouring diamond growth against the formation of graphite films [7]. Experimental 
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results show that c-BN is stable at ambient conditions and that the c-BN/h-BN coexistence 
line extends from approximately 1200–1800 K at zero pressure to the 3800K at c-BN/h-
BN/liquid triplet point [8–11]. Local-density functional (LDF) theoretical calculations also 
predict that the total energy of c-BN is lower than that of h-BN by about 0.06 eV/atom at 
0 K [12–15].  
Understanding the surface structure is fundamental to processes such as surface 
reconstruction, growth mechanisms and adsorption of surface species. c-BN shares some 
characteristics with the III-V family of semiconductors such as GaN and GaAs.  Previous 
work on the reconstruction on BN proposes reconstruction models that are analogous to 
those exhibited by the III-V semiconductors. Semiempirical tight-binding calculations 
[14] were performed on c-BN in the early of 1990’s with the MOPAC5 program.  
Specifically, atomic cluster and periodic geometry optimizations of dimer- and bridge-
type reconstruction on the c-BN (001) surface were performed. These researches reported 
that dimers on the B-terminated surface were slightly buckled, but two somewhat different 
structures having N-N bridges spanning across the second layer boron dimer were found 
to be energetically favored over the simple dimerization on the nitrogen terminated 
surface. A slightly later ultrasoft pseudopotential calculation was reported by Furthmuller 
and coworkers for both the diamond and the BN surface [15]. They calculated the 
structural, cohesive and electronic properties of some polymorphic forms of carbon and 
boron nitride. Specifically, they tested the convergence of the plane-wave bases and 
accuracy in terms of plane-wave cut off energy, as well as parameters of ultrasoft 
pseudopotentials of C, B and N atoms. Yamauchi and coworkers [16] also used the local 
density functional approach with a pseudopotential to calculate the energetics of the 
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various reconstructed surfaces of c-BN for select structural models guided by the electron 
counting rule (ECR).  The differences between the c-BN and GaAs surfaces were 
discussed. More recently, Tsai and Liu [17] used real-space, density-functional molecular 
dynamics to investigate B- and N-terminated (100) surfaces of c-BN.  They found that 
dimers on the N-terminated c-BN (100) surface tend to be arranged in long dimer rows 
with the (2×1) reconstruction, while on the B-terminated surface, the dimers tend to form 
a (4x2) three-dimer-row and one-shifted dimer pattern.  
To the best of our knowledge, the theoretical research for polar surface (111) of c-
BN is limited to the work of Kadas [18], who presented ab initio LDF investigations on c-
BN (111) and ( 1 1 1 ) surfaces and analysed geometrical details of the (1×1), (2×1), and 
two different (2×2) reconstructions. To date, there has been no systematic study of the 
adsorption of chemical species on the c-BN (111) surface. In this chapter of the thesis, we 
will consider the adsorption chemistry of different atoms and species on the B-terminated 
(111) surface both for the 1×1 and the 2×1 constructions. The calculations may throw 
some lights on the oxidation resistance of the c-BN face, as well as differences in the c-
BN deposition mechanism compared to that of diamond.  
The reactivity of the boron-face BN(111) to oxygen-containing molecules is 
particularly interesting considering the well-known oxidation resistance of BN coatings 
compared to diamond used in drill bits. Like silicon, which has a similar tendency, boron 
can form chains like -B-O-B-O-B-, where each intermediate boron has a free valence 
electron to work with. This is seen in tetra-boric acid, O=B-O-B(OH)-O-B(OH)-O-B=O, 
or H2B4O7, which can be derived from B(OH)3 by dehydration: 4H3(BO)3 → H2B4O7 + 
5H2O. Dehydration of boric acid also gives boron trioxide: 2B(OH)3 → B2O3 + 3H2O. 
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Boron trioxide can also be written O=B-O-B=O, where the boron-oxygen chain again 
appears. Some compounds can be considered derivatives of the theoretical acid HBO2, 
called borates. This metaboric acid is boric acid less one water molecule. If it loses 
another water, it becomes B2O3, which we have already seen. Boron trioxide in water 
becomes boric acid. Boron-oxygen chains also form linked planar structures that have the 
appearance of fence wire with hexagonal openings. Oxygen atoms project radially to make 
bonds with other atoms. It is interesting to consider whether the B-O-B-O-B chain can be 
formed on the B-face BN(111) surface, and whether a sharp interface can occur between 
boron oxide and BN (111). 
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5.2 Results and Discussion 
 
5.2.1 c-BN (111) B-terminated 1×1 surface 
(A) Absorption Energy and Geometry 
Fig-5.1 presents the optimized bulk-truncated, B-terminated 1×1 clean surface. 
The surface B-N bond length is 1.505 Å (d1), which is significantly shorter than that of c-
BN bulk (d0=1.565 Å). The distance between first and second bilayers is 1.616 Å (d2) and 
this is lengthened by only 0.05 Å compared to the bulk. Due to the three-fold coordination 
nature of boron, truncating the surface in boron produces little or no effect on the structure 
of the deeper layers.  Regions within several layers of the surface maintain similar bulk 
structure after optimization. This is in contrast to the bulk-terminated diamond (111) 
surface where bulk truncation and generation of a dangling bond affects the deeper 
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Fig-5.1: c-BN (111) B-terminated 1×1 surface (a) top view and (b) side views. The same 
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Table-5.1: Surface Absorption Energies on c-BN (111) B-terminated Surface (eV) 
Absorption Energy  Surface Absorbate Adh. Eng. * 
B2×1_clean -2835.67 S1# / 0 
B1×1_H -2853.63 S1 H -4.33 
B1×1_N -3107.83 S1 N -4.65 
B1×1_O -3274.12 S1 O -4.81 
B1×1_C -2988.73 S1 C -4.82 
B1×1_NH2 -3141.90 S1 NH2 -4.37 
B1×1_BOH -3293.29 S1 OH -6.66 
     
B2×1_clean -5672.92 S2 / 0 
 -5672.92 S1 / 1.58 
B2×1_NH -5687.87 S2 H -1.32 
B2×1_BH -5689.38 S2 H -2.84 
B2×1_BHNH -5705.27 S2 2H -5.11 
B2×1_O_Brg -6110.32 S2 O -3.75 
B2×1_OO  -6546.27 S2 O-O -2.08 
B4×2_OO (50%) -12228.62 S2 O-O -11.51 
B2×1_NO -6112.59 S2 O -6.02 
 
* Adhesion Energy (Reaction heat) 
# S1 and S2 state for clean B(111)-1x1 and 2x1 surfaces, respectively. 
 
 
The B-terminated 1×1 surface is unsaturated and possesses a surface with Lewis 
acid character that favours adduct formation with Lewis bases (Fig-2(a)). Table-5.1 lists 
the absorption energies of various species on the 1×1 and the 2×1 surfaces. Notably, the O 
and C surfaces are energetically equivalent terminating species compared to the N. Among 
all the species considered, H and O atoms were found to passivate the surface so that no 
surface states exist in the gap (Fig-5.2(b) and Fig-5.2(c)). The B-O bond length of 1.515Å 
is in between that of a typical single bond (1.531 Å) and double bond (1.402 Å) in the 
Borax crystal [28].  
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(B) DOS Analysis 
As mentioned above, the clean surface is unsaturated so the LDOS of the surface B 
atoms has empty state bands near the LUMO (Fig-5.2(a)). When H is absorbed on the 
surface, the 1×1 B-terminated surface is saturated and the band gap widens (Fig-5.2(b)), 
the empty state band near the LUMO is now removed, therefore hydrogen passivates the 
BN surface. When O is absorbed, the LDOS of the surface B (Fig-5.2(c)) shifts lower in 
energy and the LDOS of O (Fig-5.2(d)) does not show any surface state in the gap, which 
is somehow similar to the H saturated surface. This implies that the B-O bond has some 
double bond character (i.e. B=O).  
Simple reaction heat considerations (Chem-1 to Chem-4) suggest that in the 
presence of atomic H, it is thermodynamically favourable for absorbed N to react with H, 
and be reduced sequentially and removed finally as NH3 molecules. However, if O is the 
terminating species, the hydroxyl group is the most stable species as it is endothermic to 
remove the species as water.  The results suggest that a boron-terminated 1×1 face is more 
stable than a nitrogen-terminated face in the presence of atomic hydrogen.  However, if 
oxygen is also present, then the hydroxyl-terminated face is the most stable face on the 
bulk-truncated surface.  
B1×1-N + 2H => B1×1-NH2  (- 6.83 eV)    -------- Chem-1 
B1×1-NH2 + H => B1×1 + NH3  ( -1.35 eV)  ------ Chem-2 
            B1×1-O + H => B1×1-OH     (-5.55 eV)   ---------- Chem-3 





 - 114 -
YANG Shuo-Wang                                                                                                                         Ph. D  Thesis 
 
 - 115 -

















Fig-5.2: Layered Resolved DOS (LDOS) of B-terminated (111)-1×1 for (a) Surface B 
atom of clean surface. (b) Surface B atom of H absorbed surface. (c) Surface B 
atom of O absorbed surface. (d) Absorbed O atom. (e) Surface B atom of N 
absorbed surface. (f) Absorbed N atom. 
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5.2.2 c-BN (111) B-terminated 2×1 surface 
 
(A) The 2×1 reconstruction 
The first reconstruction type we considered is the 2×1 reconstruction consisting of 
π-bonded B-N-B chain along the [0 1 1 ] direction, analogous to the Pandey chain on the 
2×1 reconstructed diamond. The energy gain is 1.58 eV per 2×1 unit cell relative to the 
ideal 1×1 face (Table-5.1). The relaxed structure is presented in Fig-5.3(a) and (b), 
showing the top and side view of the first two double layers respectively. Of particular 
note is the weak B-B bond formed (d(B 2nd layer, B 3rd layer) = 1.813 Å), resulting in 
alternate five-membered and seven-membered rings in a plane perpendicular to the surface. 
 The zig-zag Pandey chains of the surface B and N atoms are buckled but not dimerised; 
the B-N surface bond length in the chain is 1.460 Å compared to the 1.565 Å (d0) for the 
bulk lattice. When the zig-zag chain is viewed from the side, the N atom protrudes into the 
vacuum rather than towards the boron. This can be explained by the greater drive towards 
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Fig-5.3: B-terminated (111)-2×1 surface (a) top view and (b) side view. The same labeling 
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 (B) Hydrogen absorption on the B2×1 Surface 
We considered the chemisorption of atomic H on the 2×1 surface. The absorption 
of two H atoms to form the NH-BH (Fig-5.4) affords an energy gain of 5.11 eV per 2×1 
unit cell suggesting that a H saturated 2×1 surface is quite stable. In this case, the bonding 
of an H atom to the boron atom breaks the trigonal coplanarisation of boron and lifts it 
above the nitrogen. The B-N chain distance is increased to 1.576 Å from 1.460 Å and it 
causes a contraction of the interlayer distance between the second and third layer. 












Fig-5.4: B2×1 surface with H atom saturated. (a) top view and (b) side view. The small 
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 (A) (B) 
 
(A) Fig-5.5: B2×1 surface with H absorbed on surface B atom. (a) top view and (b) side 
view. 
 
(B) Fig-5.6: B2×1 surface with H absorbed on surface N atom. (a) top view and (b) side 
view. 
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In the initial adsorption of H on the BN site, the bonding of a H atom to the B to 
form N-BH (chemisoption energy -2.84 eV) (Fig-5.5) is found to be more favorable than 
the bonding of H atom to N to form B-NH (chemisoption energy -1.32 eV) (Fig-5.6).  Fig-
5.5 shows the B-B distance is 2.062 Å when H is bonded to B. H-B bonding results in a 
tetrahedral bonding arrangement, lifts the surface B above the N and the B-N bond 
becomes inclined at 12.00 to the surface. It is clear that the surface B has a higher affinity 
for free H atoms compared to surface N atoms. As mention above, surface B is electron 
poor and is a Lewis acid that is prone to react with H, a Lewis base.  
 
 (C) Oxygen and hydroxide absorptions on the B2×1 Surface 
The absorption of O2 on the B-face BN(111) is investigated next. Adsorption of O2 
in a peroxy fashion, and at two coverages of 50% and 100% are investigated. At 50% 
coverage of O2, A 4×2 unit cell with a vacant neighbouring site adjacent to every other 
occupied site is considered. In this case, the surface energy gain is very high, i.e. 11.51 eV. 
Both dO-O = 1.460 Å and dB-O = 1.558 Å are typical single bond distances (Fig-5.7) and dO-
N = 1.735 Å shows a weak interaction between oxygen and surface nitrogen as the N-O 
distance normally is ~ 1.3 Å in organic compounds. In this case, the original B=N bond is 
broken and alternates between 1.604 Å (with O2 adsorption) and 1.521 Å, and the second 
bilayer B-N zig-zag chain also becomes non-uniform and alternates between 1.563 Å and 
1.570 Å. The integrity of the 2×1 reconstruction is maintained but B-B distances are 
lengthened (dB-B = 1.849 Å and 1.920 Å). The geometry under the third bilayer is not 
affected. The highly exothermic nature of this reaction suggests that the BN(111)- 2×1 
surface is not inert to molecular oxygen.  
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(A) Fig-5.7: Adsorbed O2 adopting the peroxy structure at 50% coverage. Green ball 
denotes absorbed O atom. . (a) top view and (b) side view. 
 
(B) Fig-5.8: Adsorbed O2 adopting the peroxy structure at 100% coverage. (a) top view 
and (b) side view. 
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If the peroxy oxygen coverage is increased to 100% (Fig-5.8), steric repulsion 
reduces the surface energy gain to 2.08 eV per unit cell (2×1), which is the smallest 
chemisorption energy among all the oxygenated chemisorption structures. A single bond 
(1.437 Å) exists between the two oxygen atoms with a shorter B-O bond length (1.477 Å) 
compared to that of oxygen absorbed on the 1×1 surface (B1×1_O) at 50% coverage.  In 
this case, a surface B=N bond is broken to form a single bond and alternates between 
1.550 Å and 1.644 Å, which is similar to the 50% coverage situation. The integrity of the 
five-membered and seven-membered rings is still maintained. The effect of steric 
repulsion between the O-O can be seen from the steering away of the O-O so that it is 
misaligned with respect to the BN underlayer.  
 
When we consider the addition of atomic O to the boron atom of the BN (111)-2×1 
structure, we find that the 2×1 reconstruction is lifted after optimization and the structure 
reverts to a bulk 1×1. Following the conversion to 1×1, the second layer B in the previous 
2x1 structure is lifted to the top face and is level with the B that is adsorbed with O (Fig-
5.9). The same thing happens when the atomic O is attached to the N site.  After 
optimization, the O moves to the B. The B-O bond distance of 1.290 Å suggests that this 
is a strongly bonded group with an exothermic heat of reaction of -6.02 eV. It appears that 
the strong affinity between O and B results in a "pulling" of the boron towards the oxygen, 
a subsequent breaking of the B-N bond and a rearrangement of the sub-lattice structure 
from the five-membered and seven-membered ring structure of the 2×1 into the six-
membered ring structure of the 1×1. These calculations reveal a possible mechanism for 
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oxygen absorption on the BN (111) surface. It implies that the 2×1 surface is not stable in 
















Fig-5.9: The O-adsorbed B2×1 surface reverts to a 1×1 structure following optimisation. 
Green balls denote oxygen atoms. 
 
The epoxy absorption structure where an O atom bridges the alternative B-N in the 
zigzag chain (Fig-5.10) was also examined in this work. The chemsorption energy of -3.75 
eV is much smaller than that of O absorbed on B atom (Fig-5.9). The strain of the OBN 
ring is very high, so the epoxy absorption may be a meta-stable structure on a reaction 
path to the more stable B=O 1×1 (Fig-5.9) or the B-OH structure (Fig-5.12). 
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Fig-5.10: B2×1 surface with one oxygen bridging the surface B-N Pandey chain. 
 
Based on the previous structure, we propose the following scheme for the 
oxidation of the surface BN.  In the presence of molecular oxygen, 50% of the surface BN 
chain can be occupied. At higher temperature, the single O-O bond may dissociate, 
resulting in B=O and N-O bonds. The desorption of volatile N=O from the surface may 
take place at elevated temperatures, resulting in the depletion of surface N and an 
equilibrium "borate-like structure" consisting of the residual boron oxide which rearranges 
itself on the surface to form a layer of boron oxide. Experimental analysis of a single 
 - 124 -
YANG Shuo-Wang                                                                                                                         Ph. D  Thesis 
 
crystal cubic boron nitride surface shows that the surface of BN is inevitably terminated 
by boron oxide. The proposed structure of the borate chain is shown in Fig-5.11 where a N 
atom is replaced by an oxygen atom. In this case, the seven-fold ring is broken because O 
bonds to the two surface B atoms and it does not bond to the boron atoms of the second 
bilayer. The B-B bonds of the five-fold ring are maintained. The B-N Pandey chain is 
replaced by B-O chain which alternates between 1.413 Å and 1.394 Å. Reaction heat 
calculations show that  the replacement reaction of N by O is exothermic as show bellow, 















Fig-5.11: Top view (a) and side vies (b) of boron oxide terminated surface.  
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In addition, we also consider the attachment of OH to the surface B (Fig-5.12). 
The strong pulling effect of the hydroxyl group disrupts the strained B-N bonding. When 
the B atom is bonded to OH, it forms a tetrahedral bond, which in turn, causes the reaction 
of the top BN atomic plane from the second atomic plane.  For example, the B-B bond is 
increased to 2.151 Å, which indicates that the crystalline structure is disrupted. The 
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5.2.3 DOS Analysis for the B-terminated 2×1 surfaces 
 
(A) The 2×1 Clean and H Absorbed Surface  
The BN (111) 2×1 appears to have a surface state band in the gap (Fig-5.13). 
Due to the poor delocalization of the electrons, the electron density of the empty state 
peaks (antibonding orbitals) are mainly localized on the B (above 3 eV), while the filled 
states (below 0 eV) can be found both on the surface N and B atoms. Several strong p-type 
surface state peaks between 3-5 eV can be observed in the layered-resolved DOS (LDOS) 
of B. The presence of lone p and sp2-hybridised orbitals with π-character on the top-most 
B atom results in the appearance of these surface state peaks. These peaks are present for 
the top-most B atom involved in the zig-zag B-N chain and absent in the sub-surface B 
atoms (labeled as B-1 and B-2), suggesting that these are due to the three-fold 
coordination of the surface B. For the top-most N atom involved in the zig-zag chain, a 
sharp peak due to the non-bonded lone pair can be seen at the VBM. The deeper B and N 
(from -1 bilayer onwards) show character more like the bulk.  
When the 2×1 surface is H-saturated, the surface state (0 ~ 5 eV) for both B and N 
atoms is tends to disappear (Fig-5.14(c) and Fig-5.14(d)), while the surface band gap 
expands. That means that H-termination passivates the BN surface and the situation is 
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Energy (ev)  
Fig-5.13: Layered Resolved DOS (LDOS) of the B2×1 clean surface where B1, N1 denote 
the first layer surface atoms, B-1 and N-1 denote the second layer atoms (first 
bilayer), B-2 and N-2 denote the third layer atoms. 
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Fig-5.14: Layered resolved DOS (LDOS) of the H-terminated 2×1 surfaces (a) surface B 
of the 2×1_clean; (b) surface N of the 2×1_clean; (c) surface B of the 
2×1_BHNH; (d) surface N of the 2×1_BHNH; (e) surface B of the 2×1_BH; (f) 
surface N of the 2×1_BH; (g) surface B of the 2×1_NH; (h) surface N of the 
2×1_NH. 
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(B) The 2×1 O Absorbed Surface  
Among the various oxygen models considered in this study, one of the most stable 
oxygen absorption structures is the one in which O is absorbed on the 2×1 B surface.  The 
strong bonding between B and O destroys the 2×1 reconstruction and converts the surface 
to a 1×1 configuration (Fig-5.9). Layered resolved DOS of the surface B and N atoms are 
presented in Fig-5.14, the LDOS of the cleaned surface are also listed for comparison. It 
can be seen that both absorbed O, and O-bonded B atoms do not show surface state (Fig-
5.15(c) & (d)) in the gap region. The absence of an O 2p dangling bond state, as judged 
from the LDOS of the adsorbed O, suggests that the bonding of B and O is  
of the B=O type. This is further evidenced by the short bond length of 1.191 Å. 
For the structure shown in Fig-5.9, the N atoms are sp3 hybridised and there is no surface 
state for both the N1 and N2 atoms (Fig-5.15(e) & (g)), which is the same as that in the 
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Fig-5.15: Layered Resolved DOS (LDOS) of reconstructed oxygen absorbed surface (Fig-
5.9). (a) surface B of the 2×1_clean; (b) surface N1 of the 2×1_clean; (c) 
absorbed O atom; (d) surface B atom bonded to O; (e) surface N1 atom; (f) 
surface B atom not bonded to O; (g) surface N2 atom. 
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5.3 Conclusion  
 
We have investigated the c-BN (111) 1×1 and 2×1 surfaces as well as the 
absorption of some species by periodic DFT calculations. We found that truncating the c-
BN (111) surface does not affect the geometrical structure of the deeper layers, which are 
different from the diamond (111) surface. H and O atoms were found to passivate the 1×1 
surface. In addition, the 2×1 surface is found to be energetically favourable and H can 
terminate both the 1×1 and 2×1 surfaces.  
In terms of oxygen-containing molecules, the most stable terminated species for 
the 1×1 surface is the hydroxyl group. The 2×1 surface is not inert to oxygen. Oxygen 
atoms or molecules can bond to the 2×1 surface in different configurations. Two of the 
most typical/possible absorptions are O2 bonding to the B-N zigzag chain at 50% coverage 
to form the B-O-N epoxy structure, and O approaching surface B atoms resulting in the 
conversion to the 1×1 structure. We suggest that in the presence of oxygen, the BN 2×1 
surface may be terminated by a layer of boron oxide. One possible structure may be the 
exothermic formation of borate B-O-B chains proposed in this study, which arises from 
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Ab intio Studies of Borazine and 






Cyclacene, a class of laterally fused benzoid hydrocarbons, offers a simple 
conceptual framework for understanding the structure and properties of nanotube or 
fullerene systems because of their remarkable similarity to these structures. A 
cyclacene structure consists of two types of embedded structures: an arenoid belt 
which is composed of benzenoid rings in the case of simple cyclacene, and annulenic 
peripheral rings which becomes either of the 4k or 4k+2 type depending on the number 
of arenoid rings present. Theoretical studies on cyclacene have shown that some 
properties depend strongly on the number of peripheral circuits or the number of 
benzenoid rings in the arenoid belt; the effect is known as the "cryptoannulenic effect" 
[1-8]. 
Borazine, the inorganic analog of benzene, is obtained by replacing the carbon 
atoms with alternating boron and nitrogen atoms. Extensive studies have been 
conducted to ascertain the aromaticity of this heterocyclic π-electron system [9-12], 
but very little have been performed on the properties of the borazine cyclacene. One 
might consider (BN)n as possible precursors to BN nanotubes. BN cyclacene may 
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exhibit unique host-guest chemistry when metal atoms are trapped in their cylindrical 
cavities. While borazine and its derivatives have been widely studied, the aromaticity 
of its cyclacene counterparts is still relatively unknown.  Work on borazine cyclacene 
is limited to that of Erkoc [1], in which the semiempirical method, AM1-RHF, was 
used and the trend towards the formation of larger BN cyclacene ring is predicted to be 
exothermic. The major disadvantage of semi-empirical and Hartree-Fock (HF) 
methods is their neglect of instantaneous electron correlation, and therefore they are 
not accurate enough to describe the electronic properties of the systems considered. 
We use DFT in this study to accurately compute molecular properties since it includes 
electron correlation. In this work, we explore the molecular and electronic structure of 
the borazine cyclacene system to understand whether there is an aromatic stabilization 
or cryptoannulenic effect and compare it with the carbon cyclacene system. In 
addition, we study the fluro-substituted borazine and carbon cyclacene systems to 
investigate these effects with fluorine. 
 
 - 136 -
YANG Shuo-Wang                                                                                                                    Ph.D Thesis 
 
6.2 Results and Discussion 
 
6.2.1 Geometry of Borazine and Benzene Cyclacenes  
A drawing of the cyclacene structure for (BN)6 (n=6) is shown in Fig-6.1. 
Important parameters such as the distance between the apex atom and the fusion site 
atom (d2, d4), distance between the fusion site atoms (d3), the BNHB angle β, the 
NBHN angle α, and the dihedral angles γ and δ are indicated. Changes in structural 
parameters with the ring size n can be used to study the relationship between structure, 
strain and electron delocalisation in the peripheral circuits. A short d3, for example, 
will indicate effective coupling between the two trannulene rings, whilst a shorter d2 
and longer d3 will indicate stronger intra-chain bonding within one trannulene ring.  
Changes in the bond angles towards 120° will indicate a greater degree of 
aromatization. The structural parameters for (BN)n cyclacenes after optimising the 
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Fig-6.1: Schematic drawing of the (BN)6 cyclacene structure: d2 and d4 is distance 
between the apex atom and fusion site atom,  and d3 is distance between two 
fusion site atoms. α is the NBHN angle and β is the BNHB angle. γ is the 
dihedral angle between plane N’BHN’ and fusion atom plane B’B’N’N’ and δ 
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Table-6.1: The structural parameters for (BN)n cyclacenes as a function of ring size (n) after full geometry optimization. 
d1 d2 Dip. M. d3 Dip. M. d4 Dip. M. d5 α # β γ δ 
n GroupPoint
Dip. M.* 
(debye) (Å)  (Å) D (d2) (Å) D (d3) (Å) D (d4) (Å) ∠NBN ∠BNB B-top N-top
dBP dNP
4 C4v 4.53          1.108 1.472 5.16 1.457 6.63 1.473 8.12 1.192 115.1 99.8 25.4 51.3 0.158 0.452
5 C5v 6.02           1.016 1.459 4.98 1.457 6.43 1.46 7.84 1.192 116.5 106.4 19.7 44.2 0.115 0.358
6 C6v 7.42          1.015 1.452 4.92 1.457 6.32 1.454 7.68 1.192 117.3 110.6 16.8 38.5 0.098 0.296
7 C7v 8.80          1.015 1.448 4.88 1.457 6.24 1.451 7.59 1.192 117.9 115.1 14.7 34.2 0.081 0.248
8 C8v 10.20          1.015 1.446 4.87 1.457 6.21 1.449 7.56 1.193 118.3 115.1 13.4 30.6 0.071 0.217
9 C9v 11.60          1.014 1.444 4.87 1.457 6.20 1.448 7.55 1.192 118.7 116.6 12.1 27.5 0.103 0.190
10 C10v 13.05          1.014 1.442 4.87 1.457 6.20 1.447 7.54 1.193 118.9 117.7 11.4 25.2 0.096 0.167
11 C11v 14.39          1.014 1.441 4.89 1.458 6.21 1.446 7.55 1.193 119.2 118.4 10.5 23.2 0.040 0.152
12 C12v 15.79          1.014 1.440 4.90 1.458 6.22 1.446 7.55 1.193 119.4 119.1 9.7 21.4 0.023 0.138
 
* Dipole Moment (Unit: debye) 
# Angle unit is degree. Distance unit is Å.
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A)  Borazine Cyclacene 
The bond lengths between the fusion atom and peripheral atom, rN-BH (d2) and 
rB-NH (d4), decrease from 1.472 Å to 1.440 Å, and 1.473 Å to 1.446 Å, respectively, 
when n increases. In addition, as n increases, these atoms become more sp2-like with a 
flattening of the rings and bond angles approaching 120°. The distance between fusion 
site atoms, rB-N, (d3), is relatively constant at 1.457 Å (± 0.001 Å). 
In the single borazine molecule, the bond angle α (∠NBN, 117.2°) is smaller 
than β (∠BNB 122.8°). One way to understand this is based on the atomic packing 
concept where the smaller nitrogen atom in BNB can sit deeper between the B atoms, 
resulting in a shorter BN bond length, and consequently a larger BNB angle compared 
to the NBN angle. However in borazine cyclacene, the trend is reversed, i.e. ∠α > ∠β. 
Both ∠α and ∠β approach the idealized sp2 bond angle of 120° with an increase in the 
ring size. Due to the empty p-orbital on boron, it is easier for the boron atom to adopt a 
120° trigonal planar configuration compared to the nitrogen atom. To quantify this 
effect, we calculated the projected distance of the fusion atom B to the planes of the 
three nitrogen atoms bonded to it, which we denote as dBP. Likewise, the projected 
distance of fusion atom N to the three boron atoms bonded to it is denoted as dNP. It is 
significant that dBP < dNP, suggesting that the drive towards "trigonal co-planarization" 
is much stronger in the fusion site boron atom compared to the fusion nitrogen atoms. 
For example, for (BN)6, dBP  = 0.098 Å, whereas dNP = 0.296 Å. In order to achieve a 
small dBP value when the ring size is small, the atoms in the peripheral circuit have to 
tilt towards the fusion atoms to achieve co-planarization with the latter. For example, 
the apex N, in the triangle labeled B’NHB’, must tilt away from its B’B’N’N’ plane 
and move towards the fusion boron (in the process increasing dihedral angles). The 
 - 140 -
YANG Shuo-Wang                                                                                                                    Ph.D Thesis 
 
results indicate that the dihedral angle is higher when N is the apex atom and B is the 
fusion atom compared to the case when they are switched, especially in the borazine 
cyclacene systems with smaller ring size. This contributes to an asymmetry in the 
borazine cyclacene structure due to the greater outward bending of the N-apex atoms 
from the B’B’NN plane compared to the side with B as the apex atoms; Fig-6.1 
illustrates this. In this respect, the borazine cyclacene shares some similarity with BN 
nanotubes. Menon et al. did a generalized tight-binding molecular dynamics 
(GTBMD) relaxation on a (10,0) BN nanotubes and observed that the B atoms rotate 
inwards to an approximate planar configuration, whereas the N atoms move outwards 
into a corresponding pyramidal configuration [13]. 
Another way to explain the larger NBN angle compared to the BNB angle is by 
studying how these angles change with ring size, as indicated in Table-6.1. It can be 
seen that ∠α is closer to 120° compared to ∠β for all values of n.  This suggests that 
the top annulenic ring where B forms the apex atoms has a greater degree of electron 
delocalisation within the peripheral circuit than the bottom annulenic ring where N 
forms the apex atoms. The back-transfer of π-electrons from N to B reduces the charge 
density on B and N. The dipole moment, D, calculated according to the following 
formula D = r × δcharge [14], is smaller on the B-apex annulenic ring than the N-apex 
annulenic ring. This increase in bond order should result in a shortening of the distance 
between B and N. Indeed, our results in Table-6.1 show that the bond length d2 is 
smaller than d4. Clearly, π-electron delocalisation is more effective along the top 
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(B)  Carbon Cyclacenes   
According to our DFT calculations, the symmetry of carbon cyclacene is Dnh. 
Table-6.2 shows the structural parameters for the carbon cyclacenes with various ring 
sizes. The bond distance between the fusion and peripheral atoms (d2 and d4) decreases 
from 1.447Å to 1.411Å as n increases from 4 to 9. The bond lengths between two 
fusion atoms (d3) in the carbon cyclacene exhibit significant bond length alternation 
(0.03 - 0.06 Å) as n varies; this is shown in the plot in Fig-6.2. The alternation in d3 
suggests that the coupling between the two peripheral trannulene chains is alternatively 
strong and weak as n varies; no doubt a consequence of the alternation between 4k and 
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In the carbon cyclacene system, the bond angles α and β (Table-6.2) are 
effectively similar since the trannulenes on the two sides are similar. When comparing 
structures with similar ring size, the α angles of the carbon cyclacene are not as close 
to 120º as the trannulene with the B-apex side.  This reinforces the concept that the 
driving force for trigonal planarisation on boron is strong. The dihedral angles of the 
carbon cyclacenes are larger than that of the B-apex trannulene in borazine cyclacene, 
but smaller than that of N-apex trannulene, i.e., dCP is larger than dBP but smaller than 
dNP.  
 
Table-6.2:  The structural parameters of carbon cyclacenes as a function of ring size 
(n) after full geometry optimization. 
d1 d2 d3 d4 d5 α β γ δ n Group Point 
Dip. M. 
(debye) (Å) (Å) (Å) (Å) (Å) ∠CCHC ∠CCHC C C 
dCP dCP'
4 D4h 0.00 1.086 1.447 1.411 =d2 =d1 112.9 =α 28.8 =γ 0.376 =dCP
5 D5h 0.00 1.088 1.422 1.474 = d2 = d1 112.8 =α 30.4 =γ 0.249 =dCP
6 D6h 0.00 1.088 1.418 1.451 = d2 = d1 115.4 =α 26.9 =γ 0.206 =dCP
7 D7h 0.00 1.088 1.413 1.471 = d2 = d1 117.2 =α 22.6 =γ 0.178 =dCP
8 D8h 0.00 1.088 1.411 1.459 = d2 = d1 118.3 =α 20.8 =γ 0.149 =dCP
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6.2.2 Energy and Molecular Orbital of Carbon Cyclacene 
Table-6.3 gives the energies and frontier molecular orbital (MO) information 
for the borazine cyclacenes. Our DFT calculations show that the binding energies of 
(BN)n increase with ring size, suggesting the formation of bigger ring structures is 
exothermic. Fig-6.3 shows the plot of frontier HOMO-LUMO separation, ∆Eg, for 
carbon and borazine cyclacenes versus the number of rings, n, where interesting 
differences between the Cn and (BN)n structures can be seen. The results indicate that 
∆Eg of (BN)n increases monotonically with n until n = 10, where it stabilizes at 6.7eV.  
 
Table-6.3: Values of ∆Eg, HOMO and HOMO-1, ∆(-1)-(0), LUMO and LUMO+1 for 




-1 ∆(-1)-(0) HOMO ∆Eg LUMO ∆(+1)-(0)
LUMO
+1 
4 -138.70 -6.70 0.01 -6.70 3.78 -2.92 2.55 -0.37 
5 -177.27 -6.62 0.00 -6.62 4.68 -1.94 1.73 -0.21 
6 -215.22 -6.91 0.11 -6.80 5.58 -1.21 1.11 -0.10 
7 -252.81 -6.63 0.00 -6.63 5.96 -0.67 0.73 0.06 
8 -290.19 -6.77 0.00 -6.77 6.52 -0.25 0.48 0.23 
9 -327.44 -6.65 0.00 -6.65 6.72 0.07 0.15 0.23 
10 -364.60 -6.66 0.00 -6.66 6.87 0.21 0.01 0.21 
11 -401.68 -6.66 0.00 -6.66 6.79 0.12 0.00 0.12 
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Fig-6.3: Frontier molecular orbital energy gap for HF/3-21G and UB3LYP/6-31G(d), 
respectively. The data points marked with empty triangles on the plot of  C-
DFT are the results cited  from the work of Choi and Kim (reference [10]). 
 
In the previous section, we have shown that the bond length between the two 
fusion carbon atoms (d3) exhibits alternation when n changes between odd and even.  
A similar trend is also observed for the frontier molecular orbital (MO) gap. We used 
the frontier molecular orbitals for the Cn systems (Table-6.4) in an attempt to 
understand how changes in the number of electrons in the peripheral circuit affect the 
energy of the frontier orbitals.  It is very interesting that the energy gaps between 
HOMO and HOMO-1 (∆(-1)-(0)) as well as LUMO and LUMO+1(∆(0)-(+1)), alternate 
between zero and non-zero values. The same fluctuation can be found in ∆(-2)-(-1). These 
MO levels can be presented graphically in Fig-6.4. When n is odd, the electron number 
is 4k+2 and ∆(-1)-(0) = 0, i.e. the orbitals are degenerate. In this case, the ∆Eg is higher 
than when n is even. The frontier MOs for n=7 are graphically presented in Fig-6.5. 
 - 145 -
Chapter VI                                                                                             Borazine and Benzene Cyclacenes 
 
The HOMO and HOMO-1 are degenerate, as well as the LUMO and LUMO+1. The 
HOMO and HOMO-1 are clearly π-like in character with the orbitals spreading 
between the peripheral and fusion-site carbon atoms, which is evident of the aromatic 
character of the 4k+2 system. However, the side view clearly shows that there is no 
coupling between the HOMO orbitals. 
 
Table-6.4:  Value of ∆Eg, HOMO and HOMO-1, ∆(-1)-(0), LUMO and LUMO+1 for 
carbon cyclacenes as a function of n.  Note that the energy gaps between 
HOMO and HOMO-1, ∆(-1)-(0), as well as LUMO and LUMO+1, alternate 




-1 ∆(-1)-(0) HOMO ∆Eg LUMO ∆(+1)-(0)
LUMO
+1 
4 -154.7 -5.70 0.80 -4.90 3.43 -1.47 0.16 -1.31 
5 -196.6 -4.32 0.00 -4.32 1.87 -2.45 0.63 -1.82 
6 -240.3 -5.50 1.69 -3.81 1.24 -2.57 0.86 -1.71 
7 -283.0 -4.06 0.00 -4.06 1.65 -2.41 0.00 -2.41 
8 -326.2 -4.96 1.07 -3.89 1.11 -2.79 1.08 -1.71 
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Fig-6.4:  Structure of frontier molecular orbitals of (a) (4k+2) carbon cyclacene, where 
n=6, HOMO and HOMO-1 are degenerate; (b) (4k) carbon cyclacene, where 
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LUMO-1 top view  
LUMO-1 side view LUMO side view 



















Fig-6.5: HOMO, HOMO-1, LUMO and LUMO+1 of C7. 
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The effect of two types of interactions present in a carbon cyclacene structure 
can be discerned here, namely intra-chain interactions within individual peripheral 
trannulene and inter-chain interactions between the two peripheral trannulene. For the 
case where n is odd, the intra-chain interaction within individual peripheral trannulene 
is of the (4k+2) type; hence each peripheral trannulene is aromatic and stable.  The 
large frontier MO gap can be explained using the simple MO diagram presented in 
Fig-6.4(a).  When the π-electron count in each peripheral trannulene is of the 4k+2 
type, the bonding MOs are all doubly occupied, leaving the anti-bonding MOs empty. 
Consequently, first order Peierls stabilization of the bonding MOs and simultaneous 
destabilization of the anti-bonding MOs will result in a large ∆Eg.  
When n is even, the electron number is 4k.  The frontier MOs presented for the 
n=6 case in Fig-6.6 shows that HOMO and HOMO-1 are not degenerate and distinct 
differences in the shape of the MOs can be seen. The HOMO and LUMO consist of six 
isolated orbitals centered on the peripheral (or apex) carbon atoms. In our previous 
discussion, we pointed out that the rC-C bond length (d3) is longer when n is odd (4k+2) 
than when n is even (4k). This idea is fully expressed in the MO diagrams in Fig-6.5 
and Fig-6.6 where the shape of the HOMO for n=7 (4k+2) shows intra-chain 
interaction (top-view) and the absence of inter-chain interaction (side view); while that 
for n=6 (4k) shows the absence of intra-chain interaction and presence of coupling 
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Fig-6.6: HOMO, HOMO-1, LUMO and LUMO+1 for C6. 
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The 4k-electron count in the peripheral trannulene means that the two 
antibonding MOs are singly occupied. Triplet states are favored in these two singly 
occupied molecular orbitals (SOMOs), as the singlet states are anti-aromatic and 
unstable [14]. In such a situation where the triplet state is favored, a first order Peierls 
effect is not possible. To attain stabilization, the two [4k] trannulene moieties in a 
carbon cyclacene couples through the SOMOs and the four SOMOs are split into two 
occupied bonding MO (HOMO and HOMO-1) and two unoccupied anti-bonding MOs 
(LUMO and LUMO+1) as illustrated in Fig-6.4b. The consequence is a smaller 
HOMO-LUMO gap. This coupling also results in shorter rC-C bonds (d3) when n is 
even (Table-6.2). 
 
6.2.3 Energy and Molecular Orbital of Borazine Cyclacene 
Even though (BN)n cyclacene are isoelectronic with Cn cyclacenes, their 
electronic properties are vastly different.  The (BN)n frontier MO energy levels in 
Table-6.3 show that ∆(-1)-(0) = 0 for almost all systems. This implies that the HOMO 
and HOMO-1 orbitals are degenerate and that there is no additional coupling between 
the two trannulenic rings that arise from "SOMO" type p-orbitals. For example, there 
are no delocalized π-orbitals in the HOMO and HOMO-1 for (BN)6. In this case, the 
HOMO consists of a series of small orbitals isolated on a single atom, and are more σ -
like, resulting in an energy lowered by about 2.3~ 3.0 eV compared to the Cn system. 
The poor aromaticity throughout the series of n for (BN)n means that the energy gap is 
not affected by an alternation of the peripheral electrons between 4k and 4k+2 
(assuming electrons from N lone pairs). The absence of coupling precludes the effect 
of splitting the frontier MOs and narrowing the gap.  In fact, the energy gap increases 
when n increases for the (BN)n systems. A tiny fluctuation can be detected in HOMO 
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(Table 6.3) when n is odd and even for n≤6. This can be explained by the larger 
overlap of p-orbitals in small-rings systems.  
 
6.2.4. Structure, Energy and Molecular Orbital of F-substituted Carbon Cyclacene 
There is an interesting variation in the ∆Eg of the carbon cyclacene with ring 
size when one side of the carbon cyclacene is substituted with fluorine. Fig-6.7 plots 
the changes in ∆g with n for carbon cyclacene with and without F-substitution.  
Intriguingly, when n is odd, ∆g decreases compared to the unsubstituted structure, 
whilst when n is even, ∆g increases.  The geometry of the fluoro-substituted cyclacene 
shows no change in the distance between the two fusion site carbons (d3), although the 
distance between the fusion and peripheral C atoms (d2 and d4) shortens after F 
substitution, resulting in a contraction in the size of the F-substituted peripheral 
annulenic ring. A conjugation effect is apparent because both d4 and d2 are reduced 
relative to d3, suggesting that π electrons contribute in the direction of the fluro-
substituted site. For carbon cyclacene with odd number of rings, the addition of F 
disturbs the 4k+2 electron network by reducing the electron density in the peripheral 
network and making it slightly less aromatic. This effect is apparent whether the F 
substitution occurs on one side or on two sides. When n is even, the effect is the 
opposite. The electronegative F reduces the electron density in the 4k-electron network 
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Fig-6.7: Variation in ∆Eg before and after F-substitution along one peripheral ring; ∆Eg 
is lowered when n=odd and increased when n=even. 
 
Frequency analysis is one way of analysing the degree of aromaticity along the 
peripheral chain. An increase in the frequency of the C-C stretch is evidence of an 
increase in bond order due to π-electron delocalisation. The IR shifts as well as their 
intensities are listed in Table-6.5. The radial breathing mode of the ring in an “in-out” 
fashion perpendicular to the principle axis of the cyclacene dominates at first for the 
unsubstituted carbon cyclacene, as can be judged from the stronger intensities of these 
vibrations. However with the substitution of the F on one side of the ring, the “up-
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Table-6.5: IR Vibrational Peaks calculated for carbon cyclacene systems and their 




C-C stretch in 
peripheral ring(cm-1) 
Unsubstituted Cn 
Radial breathing mode 
(cm-1) 
Fluorinated Cn 




5 1245.5(0.01) 661.6(1.00) 1449.7 (1.00) 1054.3 (0.16) 
6 1241.6 (0.15) 678.0(0.59) 1495.7 (0.59) 1067.5 (0.10) 
7 1266.5 (0.08) 717.5(0.74) 1476.8 (1.00) 1065.6 (0.16) 
8 1260.6 (0.18) 722.8 (0.20) 1501.7 (0.73) 1072.9 (0.13) 
9 1271.8 (0.15) 740.1 (0.13)      1488.8 (1.00) 1070.3 (0.15) 
 
As seen in Table-6.5, the stretching vibration mode of the C-C in the peripheral 
chain for the unsubstituted carbon cyclacene experiences an alternation that is in line 
with the changes in the aromaticity. When n is odd and the electron count in the chain 
is 4k+2 and aromatic, the stretching frequency is higher than when n is even (4k and 
unaromatic). Interestingly, substitution of fluorine on one side of the chain results in a 
reversal of this trend, although there is no change in the d3 distance. The C-F stretching 
frequency, as well as the C-C stretch in the peripheral chain that is coupled to it, is 
higher when n is even compared to when it is odd. The fluorine p-electrons can be 
delocalized into the π-bonding network of the chain. The higher frequencies observed 
of the C-F stretch and the C-C stretch in the peripheral chain for the carbon cyclacene 
with even n indicates that the in-plane overlap of the 4k π electrons with the p 
electrons from fluorine is more favorable compared to the 4k+2 π electron systems. 
This suggests that F substitution enhances the aromaticity of the 4k system but 
decreases the aromaticity of the 4k+2 system. 
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6.2.5 Structure, Energy and Molecular Orbital of F-substituted Borazine Cyclacene 
The IR vibrational data indicate that the breathing frequency for the borazine 
cyclacene increases as n is increased; this follows the trend in the decrease of the 
peripheral B-N bond length with ring size. Notably, the average vibration frequency 
for the borazine cyclacene is higher than their carbon cyclacene counterparts due to the 
increased bond strength of the B-N system  
When the F is substituted on the B peripheral side, the breathing vibration 
mode experiences a general increase compared to the unsubstituted borazine 
cyclacene. The position of the F substitution affects the bonding energy and ∆Eg of the 
system; when F is attached to B, it increases, and it decreases when F is attached to N. 
The increase in ∆Eg is observed for all n when the F-substitution is on the boron site, 
as shown by the plot in Fig-6.8. For fluorine substitution on B, a special π-type 
interaction between the p electrons of the fluorine lone pair and the B-N-B σ-bonding 
framework results in special enhancement of the stability of the F-B substituted 
systems. Fig-6.9 shows the MO for n=6 hexa-substituted borazine where the hydrogen 
atoms on one peripheral side has been replaced by F atoms.  The spread of the in-plane 
π-type orbitals can be seen for all 6 F atoms.  In contrast, full F-substitutions on the top 
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Fig-6.8: Change in ∆Eg for borazine cyclacene before and after F substitution on the B-























Fig-6.9: The in-plane overlap between the F 2p orbital with the carbon π-type orbitals 
for the hexa-fluoro-substituted borazine cyclacene.  The 6 π-type interactions 
are labeled in the diagram. 
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We have performed ab intio studies on the carbon cyclacene and borazine 
cyclacene systems and analyzed the differences in aromaticity between these two 
systems. A fluctuation in the structural parameters, as well as the frontier orbital 
energy separation, ∆Eg, as a function of the ring size, is observed in the carbon 
cyclacene system. This is not observed in the borazine cyclacene system, although it 
was found that the delocalisation of electrons along the boron-apex ring is more 
efficient than that of the nitrogen-apex ring. The ∆Eg of the borazine cyclacene system 
increases with the ring size, in contrast to the carbon cyclacene system.  
The effects of fluorination along one peripheral ring of the C and BN cyclacene 
were also studied.  It was found that F-substitution along the B-apexed side of borazine 
cyclacene resulted in an increase in the frontier orbital gap, whereas similar 
substitution along the N-apexed side resulted in a decrease of the gap.  In contrast, F-
substitution along the peripheral chain of the carbon cyclacene increased the frontier 
orbital ∆Eg when n is even and decreased it when n is odd. 
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DFT calculations have been performed on diamond, cubic boron nitride and the 
cyclacene system to study the surface structures and energetics of these materials. The 
surface structure of diamond and c-BN (111) as well as the relaxation of the surfaces 
following the chemisorption of hydrogen and oxygen have been studied using the 
general gradient approximation (GGA-PW91, Castep source code). For the diamond 
(111) surface, we propose a novel oxidation reaction path according to the energetics 
obtained from our calculations. At the initial stage of oxygenation, oxygen inserts into 
the surface π bond to form an epoxy bridge and the integrity of the 2×1 surface is 
maintained. At higher oxygen coverage, the epoxy oxygen will convert to a carbonyl-
type oxygen species with the consequent lifting of the surface reconstruction. 
We presented calculations for the atomic and electronic structure of the 
diamond (111)-2×1 face adsorbed with C2 or C2H2 biradicals. These species have been 
suggested to be the active precursors responsible for the growth of nanocrystalline 
diamond [1-7]. Our calculations show that the 2×1 Pandey chain presents a unique 
template for the self-assembly of chemisorbed C2 radicals. Depending on the initial 
bonding configuration of the C2 biradical on the Pandey chain, such assembly can 
result in different superstructures. One unique structure is a linear quantum chain 
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weakly adsorbed on the top of the Pandey chain via van der Waals forces. The bond 
distances in this linear quantum chain are uniform, suggesting effective delocalisation 
of the electrons. The most stable structure is formed by a C2 straddling between the 
adjacent Pandey chains of the 2×1 surface. Very interestingly, we find that there is a 
driving force for the C2 biradical to self-assemble and form a van der Waals graphite 
epilayer on the 2×1 template with a consequent gain in surface energy. This result can 
explain the origin for the ready graphitisation of the diamond surface in the presence of 
C2 radicals. Experimentalists know well that there is a tendency to form sp2 type non-
diamond phases when the gas phase chemistry is dominated by C2 radicals; our results 
clearly indicate that there is a driving force for the spontaneous assembly of C2 radicals 
into graphite.  
For C2H2, the calculations show that self-assembly results in the formation of 
polyethylene that follows the zigzag course of the Pandey chain. The adsorption of 
C2H2 can passivate the surface states on the 2×1 and result in an opening of the surface 
∆Eg. It would be interesting to verify experimentally whether such a one dimensional 
molecular chain can indeed self-assemble on the pandey chain. The diamond substrate 
presents an ideal insulating support for  current transport across the molecular chain. 
 DFT calculations were also applied to study the chemisorption of H, N, O and 
O2 on boron-terminated c-BN (111) surface. The energetics and structures of various 
reconstructions, i.e. the 1×1, the 2×1, and the stable chemisorption structure of surface 
species such as hydroxyl, oxygen and hydrogen were investigated. Our results suggest 
that both the 1×1 as well as the 2×1 BN (111) surface are not "chemically inert" 
towards oxygen. The reactivity of the coordinatively unsaturated 2×1 B face towards 
Lewis bases is interesting. The B on the 2×1 has high affinity for O compared to the N. 
Atomic H and O can passivate the coordinatively unsaturared c-BN (111) 2×1 surface.  
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Our results suggest that the 2×1 BN chain can form a stable structure with molecular 
oxygen. Due to steric repulsion between neighbouring oxygens, the maximum 
coverage of molecular oxygen on the surface is only 50%.  In the case of atomic O, 
surface B has a higher reactivity to O compared to N.  The strong B=O bond formation 
results in an uplifting of the 2×1 reconstruction. To extend our investigation into the 
possible boron-oxide structure on the BN surface, we considered also the borate-chain 
as well as the borax structure which can adopt an "hetero-epitaxial" interface on top of 
the BN (111) 2×1 and BN (111) 2×1 respectively. Partial DOS were used to examine 
the detailed surface bonding and the surface states of the various surfaces. 
 
Finally, we present both UHF and DFT cluster model calculations for borazine 
and benzene cyclacenes systems to look at the geometry, energy, energy gap, frontier 
molecular orbitals and symmetry of these systems. In addition, F-substituted carbon 
cyclacenes were also studied and we find that peripheral chain of the carbon cyclacene 
increased the frontier orbital ∆Eg when n=even and decreased it when n=odd.  
Fluoro-substitutions of cyclacenes are also considered. It is found that F 
substitution positions affect the ∆Eg, i.e. ∆Eg increases when F is attached to B, and 
decreases when it is on N.  So F-substitution may be an effective method to change the 
molecular gap of these nanoclusters. 
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7.2 Future Work 
 
7.2.1 Molecular Dynamic Simulation on Surface Absorption.  
The limitations of this ab initio study must be stated. Our calculations only 
consider a static situation and enthalpy values were used for consideration of the 
reaction heat. In addition, no information is obtained here regarding the activation 
barriers for many of the reaction pathways. In future work, quantum dynamic 
calculations will be carried out. For example, the following reactions in particular 
deserve a more detailed investigation: 
(1) Adsorption of O2 on BN (111) 2×1. Our ab initio calculations suggest that this 
reaction is highly exothermic up to 50 % coverage. The activation barrier for 
this reaction, as well as the molecular dynamics of the adsorption process must 
be calculated to know whether this reaction is feasible at room temperature. It 
is also interesting to know the temperature needed for the dissociative 
chemisorption of O2 on BN.  
(2) The activation barrier for spontaneous self-assembly of C2H2 on the C(111) 
2×1 Pandey chain and the molecular dynamics of the self-assembly process. 
 
7.2.2  Growth Mechanism of c-BN (111) Surface 
As mentioned in Chapter 1, cubic boron nitride (c-BN) shares the same crystal 
structure as diamond and many of its attractive properties [8]. Although there has been 
significant progress in the synthesis of c-BN thin-film semiconductors, deposition of 
single crystalline, low-defect-density c-BN thin films have not been achieved. Many 
questions about the nucleation and growth of c-BN remain unanswered, especially the 
role played by energetic ions, radicals and free atoms during film evolution. One 
possibility is to study the role of the atomic H, BN and NH radicals in the chemical 
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vapour deposition of cubic and hexogonal BM on both the 1×1 and 2×1 surfaces to 
gain insight into the thermodynamic and kinetic parameters that will favour either the 
sp2 or sp3 phases of BN in the CVD deposition mechanism. DFT molecular dynamic 
simulation (Castep code) can be performed to study the dynamics of the BN film 
growth from BN radical.   
 
7.2.3 Multi -Storey Cyclacenes 
In this thesis, only single-storey cyclacenes are considered based on the cluster 
model which is not sufficient for comparison with experimental data. Two approaches 
may be employed to extend the work so that it can have relevance to experimental 
data: 
(1) Future work will study periodic models of cyclacenes to represent the infinite-
length carbon nanotubes. The IR or Raman spectra of F-substitutions on fusion 
sites can be calculated by the DFT method in the Castep code in order to 
provide direct comparison with Raman data of fluoro-substituted BN or carbon 
nantubes. 
(2) We can also incorporate a metal atom into the cyclacene to study interesting 
"metal-host ring structure".  Charge transfer between the metal and the host ring 
can result in structures with interesting magnetic and electronic properties. 
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